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CHAPTER VII 
PRODUCTION OF_PLUTONIUM METAL 


The present satisfactory process for tne production of plutonium 
metal by the reduction of PuCl4 or PuF, by calcium in a stationary 
refractory lined bomb (Chapter II) was evolved as a result of extensive 
research on tne reduction of plutonium compounds by active metals. 

This general method, because of its success in the production of uranium 
and other metals of comparable activity, seemed promising for the pro- 
duction of plutonium metal from the start. Plutonium metal was first 
produced satisfactorily on a microgram to milligram scale by the so- 
called "vapor phase" reduction of plutonium fluoride by active metals 
such as Mg, Ba, Li and Ca. Later, metal was produced on the 50 mg. to 
gram scale by mixing a plutonium halide with an active metal in a re- 
fractory lined bomb which was placed in & graphite centrifuge, the 
centrifuge being rotated during the reaction period and for some time 
thereafter. As more plutonium became available, the extensive nada 
igation of reductions in stationary refractory lined bombs was under- 
taken on the one to ten gram scale. In each process the techniques 
were first developed using stand-ins; uranium, at first considered the 
best stand-in, was later replaced by cerium and lanthanum which proved 
more satisfactory. Each of these methods has occupied an extremely 
important place in the development of the present process and each will 


therefore be described in considerable detail. 
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Although the major emphasis has been placed on the production of 
plutonium metal by the reduction of plutonium compounds with active 
metals, two alternative methods, electrolysis and the reduction of 
the oxide with graphite, have been investigated in a preliminary way 
and show sufficient promise that a brief discussion is warranted. 
Both methods might have been of greater importance if the original 


purity specifications had been maintained. 


REDUCTIONS BY ACTIVE METALS 


Metal Production on the Microgram to Milligram Scale -- 
Vapor Phase Reductions 


The need for information on such physical properties of plutonium 
metal as density and melting point was so great that every effort was 
made to have a technique developed for the production of tne metal on 
a microscale by the time microgram quantities of plutonium would become 
available. Since metals of activity comparable to plutonium had never 
been prepared on a microscale, the problem had to be attacked from an 
original point of view. From tracer scale studies it seems that the 
chemistry of plutonium was more like that of uranium than any other 
element. Uranium was therefore used as a stand-in for the development 
of micro-techniques for metal production. In general, this was a sat- 
isfactory procedure although many difficulties were encountered in trans- 


ferring methods suitable for uranium to the production of plutonium. 
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As will be indicated in later sections of this Chapter, it is now 
recognized that cerium and lanthanum are better stand-ins than uranium 
for the thermal reduction of plutonium halides. 

Early Experiments.-- For the manipuletion of microgram amounts of 
solids, it is essential that the tiny particles of material, invisible 
to the naked eye, be held in an enclosed space where they may be read- 
ily found and inspected microscopically. A Pyrex glass apparatus was 
therefore designed in which UF, could be brought into reaction with 
sodium, potassium or other alkali metals that can be distilled in an 
evacuated glass system. Essentially, the apparatus consisted of a 
series of glass bulbs that permitted the repeated distillation of the 
alkali metal for purification and its final distillation into a cap- 
illary tube containing the small sample of the uranium salt to be re- 
duced. After the reaction between the uranium salt and the alkali 
metal had taken place, the excess alkali metal was distilled away and 
the glass capillary tube was sealed off under vacuum. The resulting 
product within the glass tube could be examined microscopically and 
later removed for chemical tests. Many samples of UF) > ranging from 
1 to 50 micrograms in size, were reacted with sodium in this apparatus 
to produce a black powdered product that cissolved in HCl with the 
liberation of hydrogen. On a basis of this evidence, the product was 
believed to be uranium metal. 

When a few micrograms of plutonium oxide had been isolated, some 


Pu0. was converted to a fluoride by treatment with HF at 700°c. (under 
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these conditions U0, is converted to UF,). When this plutonium fluor- 
ide, probably Pury » was reacted with sodium by the technique outlined 
ebove, the white fluoride was converted to a black powder which had a 
distinct metallic luster end dissolved in dilute HCl with the liber- 
ation of hydrogen. It was assumed to be plutonium metal. PuF, xKF 
was also reduced in this system, giving a coke-like product. Plutonium 
oxide, Pu05, was also reacted with sodium, There was some change in 
appearance but the product showed no evidence of reaction with HCl. 

On the microscale, the reduction products of PuF,, PuF5, UF, end 
ThF, with sodium have never been identified as metal. The best 
evidence comes from X-ray diffraction studies on samples prepared by 
the reaction of Pury > PuF4 and ThF, with sodium. The products in 
these three cases were shown to be isomorphous compounds with each 
heavy metal atom probably associated with three light atoms, but 
evidence for the presence of metal was never observed in these prep- 
arations. 

Whether or not plutonium metal was produced in these early exper- 
iments, it certainly is true that no compact metal, comparable to that 
which would be obtained by solidification from a melt, was produced 
which was suitable for use in the determination of its density and 
melting point. All experiments indicated the unsatisfactory character 
of Pyrex glass as a container material, and a new type of apparatus was 
therefore designed. 


Reductions Using Refractory Crucibles and Higher Temperatures.-- 


The new apparatus involved the use of a refractory crucible containing 
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both the halide to be reduced and the active metal reductent. The 
charged crucible was covered with a tightly fitting lid and placed 
within a tungsten wire resistance furnace which was coated with BeO 
or ThO5 as a conducting refractory. The furnace with its crucible 
and contents was heated to about 1500?C. in vacuo, whereupon the re- 
ducing agent vaporized, reduced the metal halide, and the excess re- 
ductant volatilized through the pores of the crucible. 

Using refractory crucibles of BeO and the technique described 
above, it was possible to reduce small quantities (1 to 50 micrograms) 
of ThF,, Ur, » LaF3, CeF3, Fe504 and MnO, to the corresponding compact 
metals, using Mg, Ca, Ba and Li as reducing agents. The form of the 
metals produced was such as to indicate that solidification from the 
molten state had occurred. When this technique was applied to plu- 
tonium fluoride, plutonium metal was produced as bright, spherical 
globules by reduction with magnesium; when barium was used as reductant, 
no plutonium metal could be found in the crucibles. 

A series of studies with microgram quantities of cyclotron-prepared 
plutonium demonstrated that plutonium behaved differently from uranium 
and that the regulation of heating time and temperature was highly 
important to the successful production of metal. Evidence also was 
obtained that plutonium metal when formed has a marked tendency to soak 
into refractory crucibles of BeO. For this reason and because of the 
low tolerance limit for Be in product, other refractory crucibles were 


studied. 
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One of the greatest difficulties in the handling of small amounts 
of plutonium compounds was encountered in their transfer from the 
platinum boats, in which they were made, to the crucibles for reduction. 
Of the many substancds which were tested as coatings for the platinum 
ware, polymerized methyl methacrylate was found the most suitable for 
the purpose. 

Although it seems likely that plutonium metal was produced in 
various reductions carried out on a microgram scale in the months of 
September end October, 1942, the first unambiguous evidence that metal 
had been produced was obtained on November 6th and 9th, 1943. On 
November 6th & mixture of PuF, and PuF4 was reduced with Ba, using 
thoria as a refractory. The double crucible technique, described 
below, and a temperature of about 15009C. were employed, and a product 
with a density in the range of 15.5 to 16.5 was obtained. On November 
9th, 1943, another reduction of Pur, by the technique outlined above 
was carried out. The product obtained was certainly metallic plutonium 
because it was converted into the hydride without difficulty. 

Reductions Using the Double Crucible Technique.-- Some of the pre- 
vious experiments had shown that the yield of plutonium metal was much 
higher when the charges of plutonium salt and of reducing agent were 
separated, so that the reducing agent was effective only in the vapor 
phase. For this reason, the reduction technique was modified: small 
inner crucibles were used to contain the charge of plutonium salt, while 
the reductant was placed underneath the inner crucible but within the 


outer crucible. Later experiments demonstrated that the reductant is 
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more effective when placed on top of the inner crucible with a refract- 
ory plate used as a separator. 

Using this double crucible systen, PuF, was reduced to metal with 
Mg, Ba, Li and Ca, with no indication that any one of these four reduc- 
ing agents was superior to the others; barium was therefore most intens- 
ively studied because it was least objectionable from the ultimate purity 
point of view. Experiments using this technique were continued on the 
reduction of both PuF, and PuF4 to metal, using Ca, Ba and Li as reduct- 
ants, and the scale was increased so that 0.5 to 10 mg. samples could 
be reduced successfully. Yields of metal were increased greatly by 
degassing the refractories before charging. 

During this period, many samples of plutonium metal were produced 
which had densities in the range 15.9 to 16.9; however, some samples 
were produced by the reduction of PuF4 with Ba in BeO crucibles which 
had densities in the range 19.5 to 20.2. Later on, it was possible to 
attribute the lower densities to the high temperature form of the 
metal, and the high densities to the low temperature, alpha form (see 
Chapter IX). 

Many of the early reductions resulted in the formation of the very 
metallic appearing PuO. This compound was produced in a sintered 
condition, indicating & melting point not far above the furnace temp- 
erature. It may be distinguished from the metal by its lack of 
ductility and its inability to form a hydride. 

The formation of PuO as & product of halide reduction may be 


attributed to incomplete degassing of the crucible system, or to 


a276- 


the presence of water or oxide or oxyhalide in the halide preparation. 
Barium or lithium cannot reduce PuO to metal. 

The double crucible "vapor phase" in vacuo technique is the most 
consistently satisfactory method for the reduction of plutonium halides 
to metal on a scale of less than 50 milligrams. Reductions initiated 
under a small pressure of inert gas minimize the tendency of the more 
volatile halides to escape prior to reduction; this atmosphere may then 
be evacuated to facilitate distillation of excess reductant from the 
crucible system. The most satisfactory refractory extensively studied 
in small scale reductions was BeO, although reductions of PuF, to metal 
were successfully made in lanthana and in tantalum. With any refract- 
ory, preliminary thorough degassing to prevent the formation of PuO is 
essential. Pelleting the halide, prior to reduction, under a pressure 
of the order of '/5 tons per sq.in. tends to increase the yield and 
aggregation of the metal. A tungsten, tantalum or molybdenum wire 
resistance coil within & thin cylindrical tantalum radiation shield 
serves adequately as the reaction furnace. A temperature of about 
13009C. maintained for about four minutes represents the optimum con- 
dition for reduction to occur and for the distillation from the crucible 
of the excess reductant. 

Reductions of Pur, with Ba on the 5 mg. scale, carried out under 
the conditions described in the preceding paragraph, have produced plu- 
tonium metal in excess of $6 per cent of the theoretical yield. Typical 


samples of metal thus produced have assayed about 99 4 2 per cent 
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plutonium. Chemical analysis for fluoride has indicated less than 
0.03 per cent fluoride, the limit of sensitivity of the method. In 
several cases, spectrochemical analyses for Al, Ba, Be, Ca, Fe, K, Li, 
Mg, Na, Si and Ta have revealed only Be present in measurable quant- 
ities (ca. 0.002 per cent). 

Results of Other Small Scale Reductions.-- Further attempts to 
reduce PuF, and PuF3 with sodium have confirmed the earlier results 
in that no plutonium metal was produced. Plutonium trichloride, 
PuCl3, has been reduced to metal with Li, Na, K, Ba and Ca. The re- 
duction of PuOCl with Ba produced predominantly PuO with a small per- 
centage of metal. The reduction of PuF3 with CaSi,, either in excess 
or in stoichiometric quantity, produced PuSi>, the latter being identi- 
fied by X-ray diffraction. Plutonium trifluoride, PuF3, when treated 
with Ca in a BaS crucible was almost completely converted into PuS 
(identified by X-ray diffraction). 

Reductions of Pu0, with Ba and with Ca at low temperature (1000?C.) 
have been studied. Bright, metallic aggregates of small sintered 
spheres were obtained in each case. X-ray diffraction examinations 
show the product of the Ba reduction to be PuO, and the product of the 
Ca reduction to be the cubic form of metallic plutonium. These experi- 
ments show Ca to be a more active reducing agent for PuO2 than is 
barium. This evidence is further substantiated by remelting experi- 
ments in which Pu metal was heated at 1000°C. with Ca, Ba and Li on 
tantalum. Only Ca reduced the oxide skin (Pu0) and permitted the 


metal to flow together. 
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Larger scale reductions of PuF4 (30 to 100 mg.) with Li have been 
carried out with good yields of metal. The apparatus used for these 
reductions involved & stainless steel bomb with & screw cap which per- 
mitted sealing up a BeO crucible containing the Pur, and excess lithium. 
The charge was fired by heating in a resistance furnace to 1200°C. and 
the bomb was centrifuged during the firing to produce better aggregation 
of the metal. These reductions were therefore carried out in a manner 
comparable to that described in the following section. 

Finally, it should be mentioned thet during the period in which 
small scale reductions were being studied, a technique was developed 
for mounting microgram quantities of metal in Lucite blanks that enabled 
one to polish and metallographically examine specimens of metal.  Photo- 
micrographs of the ground and polished sectioned specimens seemed to 
indicate, in most specimens, the presence of at least two metallic 


phases and possibly the inclusion of such phases as PuO. 


Reductions in the Graphite Centrifuge 


Centrifugal Force as an Aid in Collection of Metal.-- In a reaction 
of the thermite type, unaided by external heat, the yield in a coherent 


metal mass and the quality of metal produced improve as the scale of 
operation is increased. Not only is the surface-to-volume ratio of 
the charge less, but there is proportionally less loss of heat to sat- 
isfy the heat capacity of the liner and bomb and less conduction to the 


surroundings, thus allowing the reaction to reach higher temperatures 
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and cool less rapidly, and affording more time for collection of the 
metal into a single button. If sufficient external heat is provided 
to maintain the reaction mass molten for prolonged perioäs, and if 
gravity is aided by centrifugal force to cause collection and aggre- 
sation of the small droplets of metal, better yields can be obtained. 
One method which succeeded in causing the reduced metal to form in a 
consolidated mass, even in very small scale reactions, was that employ- 
ing centrifugal force to throw down the molten metal into the tip of 
a cone. This was accomplished by placing the reaction mixture in a 
cone shaped refractory liner sealed inside a steel bomb placed in a 
graphite rotor which was heated rapidly to & high temperature while 
rotating. As the reduction took place, the metal was thrown together 
in the tip of the refractory liner, thus producing a good yield of 
coherent metal. Application of this technique has given successful 
reductions even on tae 50 milligram scale. 

Description and Operation of the Graphite Centrifuge.-- The 
apparatus consisted of a graphite rotor, six inches in diameter, 
rotated inside a high frequency coil. The lower end of the rotor 
shaft rested on a water cooled ball bearing, while the upper end had 
a slot cut in it to permit its being driven by a pin and socket on a 
simple drill press. The rotor was constructed with four slots, 90 
degrees apart, which could hold four steel bombs containing the liner 
and reactants. When less than four reductions were made at one time, 


the rotor was balanced with "dummy" bombs. The loaded bombs were 
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packed into the rotor with MgO, which prevented attack on the steel 
bombs at high temperatures by the graphite. 

Figure VII-1 shows the assembly of the bomb and rotor. The charge, 
shown on the paper at the left, was placed into the cone shaped cruc- 
ible of BeO, with the halide on top, covering the reducing metal (Ca 
or Li). The crucible, after covering with a lid of MgO, was placed 
inside the steel bomb, which was then sealed by arc welding. To pre- 
vent heating of the charge and premature ignition, she body of the 
bomb was held in a water cooled copper clamp which exposed only the 
actual edge of the bomb to be welded. After the bombs had been 
packed tightly in the graphite rotor with MgO, the loaded rotor was 
placed inside a high frequency coil fed by a 50 KW, 3000 cycle, 400 
volt generator (Westinghouse). A speed of 900 r.p.m. (centrifugal 
force about 50 G.) was used. The assembly is shown in Figure VII-2. 

In the early experiments on plutonium & temperature of 1100%. 
for three minutes proved most satisfactory. After shutting off the 
generator, rotation was continued until the temperature of the rotor 
dropped below 400° to 500°C. The bombs, after being cooled to room 
temperature, were sawed open at the top and the contents removed. 

Figure VII-3 is a longitudinal cross section of a bomb fired in 
tre grephite centrifuge. This particular specimen is far from the 
best but it clearly shows the layer of slag on top of the button of 
metal (uranium), which is located in the tip of the crucible. The 


amount of slag covering the metal depended upon the porosity of the 
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refractory liner. Also to be observed in this specimen are the part- 
icles of netal (black spongy deposit) clinging to the upper part of 
the cone. When this occurred, low yields were obtained. It was 
found advantageous to interpose a lid of fusible salt, such as NaCl, 
between the MgO lid and the charge in order to prevent splashed metal 
from sticking to the latter, which often happened in the reduction of 
PuCl3. Whether or not the slag was absorbed by the walls of the re- 
fractory crucible depended upon the nature of the refractory and the 
chemical composition of the slag. In general, chloride slags were 
more strongly absorbed than fluorides. The most successful refractory 
liners for this work were made of highly vitrified slip cast BeO. 

It was difficult to measure the temperature of the inside of the 
bomb during an actual run, but the process was controlled by measuring 
the temperature of the rim of the rotor during operation. Stationary 
runs were made in which the inside of the bonb was observed with an 
optical pyrometer through a small hole, permitting correlation of the 
temperature of the inside of the steel bomb with the temperature of 
the hottest part (rim) of the rotor. From these data, "best" time- 
temperature conditions for actual operation were determined. Two 
temperatures of the rotor were recorded during a run, (a) the hottest 
portion of the rim, and (b) the temperature of the bomb body which was 
taken at approximately the center of the outer surface during rotation. 
Table VII-l gives data for a typical early run on a plutonium reduct- 


ion; in this case 1.45 grams of PuCl3 and 0.110 grams lithium were used. 
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Table VII-1. Time-Temperature Data for Typical Centrifugal Reductions 


Time, Temp. of Temp. of Power Supplied 

Minutes Rim of Rotor Body of Rotor KW 
0 Converter turned on o 40 
0.5 870°C. —— 40 
1 1135 930°C. 38 
1.5 1230 1000 30 
2 1230 1080 20 
2.5 1250 1100 LO 
3 1110 1085 20 
3.5 1125 1075 22 
4 1160 1100 17 
4.5 1155 1100 17 
2 1155 1100 18 
5.5 1160 1120 14 
6 1155 1115 14 
6.25 — — off 


Use of the Graphite Centrifuge on the Fifty Milligram Scale.— Three 


modifications of the above technique were used to carry out reductions on 
the 50 milligram scale. The first modification employed a similar centri- 
fuge, but one which was about one-third the size of that used for the one 
gram scale. The speed of rotation, however, was increased to obtain a 


centrifugal force equal to that used on the larger scale. This miniature 


rotor device was soon abandoned in preference to an adaptation of the 
larger rotor assembly: the one-grem scale steel bombs were drilled 
out to receive a smaller steel bomb into which was placed the 50- 
milligram scale refractory liner and charge. Thus, there resulted 
a doubly sealed bomb which provided added protection in the early 
experiments with plutonium when least was known about its behavior. 

The third modification, which was the most satisfactory for 
carrying out 50-milligrem reductions, consisted of placing the small 
charge in the tip of the one-gram scale cones. Immediately above 
the charge was placed a small lid which effectively made & small 
crucible out of the large one. In nearly all reductions of plutonium, 
either on the 50-milligram or one-gram scale, the air inside the bomb 
was displaced with argon before the lid was welded on. 

The reaction mixture for the one-gram scale consisted of enough 
halide to produce one gram of metal, plus one of the reducing agents, 
Ca, Ba, Li, etc. When the iodine was used, it was added in the ratio 
of one mole of I, per 3 moles of halide. | Enough reducing agent was 
added to give an over-all excess of about 20 per cent by weight. 

Results with Stand-ins.-— Approximately 250 reductions were made 
using uranium halides and various reducing agents. Uranium tetra- 
fluoride, UF JE reduced with Ca plus I, as a "booster" always produced 
high yielas of brittle metal which contained considerable amounts of 
entrapped slag and a high content of iron. Uranium tetrafluoride re- 


duced with Li, on the other hand, gave very malleable metal with yields 
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of about 94 to 99 ver cent and with much lower slag and iron content. 
When Li was used, it was not necessary to add I, "booster" because of 
the lower melting point of the LiF slag compared to that of CaF5. 
Uranium trifluoride, UF 35 was successfully reduced with Li, and UCL. 
with Ca, Ba or Li. Some reductions were done with mixed uranium and 
manganese halides to give a 95-5 uranium-manganese alloy of melting 
point 700° to 8009C., thus more closely approximating the melting point 
of plutonium than does pure uranium. The mixed fluorides were satis- 
factorily reduced with Li or Ca; the chlorides witn Li, Ca and Na. 

To determine the general applicability of the graphite centrifuge, 
Nacl, and CeCl3 were successfully reduced with Ca, and LaCl, and Mn, 
with Li. The centrifuge method is much less sensitive to small var- 
iations which may cause complete failure when the stationary bomb method 
is used. It should be pointed out again that the reduction of com- 
pounds of uranium and other metals was carried out rather extensively 
to develop the technique for operating the centrifuge, and because gram 
quantities of plutonium were not available. When sufficient quant- 
ities of plutonium were made available, it was soon learned that uranium 
was not a satisfactory substitute or stand-in for plutonium. The 
closest analogue of plutonium for reduction work is now knom to be 
cerium. It was not until plutonium was actually used, however, that 
significant progress wag made. 

Plutonium Reductions in the Centrifuge.-- 

l. Reduction on 50-milligram scale. The first attempts to prepare 


plutonium metal were on the 50-milligram scale because it had been proven 
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with uranium as a stand-in that reduction on such a scale was possible 
in the graphite centrifuge. Table VII-2 lists all reductions made on 
this scale. Even when larger amounts of plutonium were available, 

50 milligram reductions were frequently made for economically testing 
techniques and to check the quality of larger amounts of halide before 
use. It should be emphasized again that the smaller the scale of 
operation, the more magnified are the inherent difficulties of a re- 
duction of this type. Therefore, in Table VII-2, a yield greater 

than 50 per cent should be considered excellent, & yield of 94 per cent, 
remarkable. 

2. Reductions on one-gram scale. The first one-gram (930 mg.) 
reduction of plutonium in the centrifuge, using PuF4 and Li, was carried 
out at a time when the belief still persisted that plutonium was similar 
in properties to uranium. Therefore, a high temperature (13009 to 
14009C.) was employed, resulting in only a 56 per cent yield of metal. 
Figure VII-4 shows this metal button as it came out of the bomb -- the 
first piece of plutonium metal ever produced that was larger than a few 
milligrams. Subsequent information on the melting point showed that 
lower temperatures of reduction were advisable. Reduction could be 
carried out at 1000°C., but 11009C. gave the best results. Table VII-3 
lists all of the reductions made in the graphite centrifuge on plutonium 
on a scale greater than 50 milligrams. Figure VII-5 shows a group of 
four buttons of plutonium metal produced in the graphite centrifuge. 

The centrifuge reductions were the first to successfully produce 
metal of reasonable purity on any but a milligram scale and the centrifuge 
technique was of utmost value at a most critical period in the development 


of the art. 
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j 
Fig. VII-4. Product from First 
One-Gram Reduction of Plutonium. 
Weight = 520 mg., yield = 56 per cent. 
Sample No. 1466a. 
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Fig. VII-5. Product from One-Gram Scale Reductions of Plutonium. 
Refer to Table VII-3 for Complete History of Buttons. 
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Reductions in Stationary Bombs 


As has been indicated in the preceding section, reductions of plu- 
tonium halides by the bomb method are very dependent upon external con- 
ditions for their success. If there were no heat loss to the environ- 
ment, the reaction products would consist of liquid metal and slag and the 
metal, by virtue of its high density and surface tension, could collect in 
a single mass at the bottom of the container. Actually, there is always 
a loss of heat to the environment, the amount of loss depending upon the 
heat capacity of the immediate surroundings and rates of heat transfer. 
Consequently, the physical conditions associated with the reaction are 
strongly scale sensitive; a small charge with a high surface-mass ratio 
can lose heat so rapidly that neither slag nor metal is maintained molten 
for & sufficient time to allow collection. If external heat is supplied, 
an extremely small charge may be reduced and, starting with & few part- 
icles of halide, the result will be a few minute droplets of metal -- if 
tne metal is not lost through volatilization or reaction with its environ- 
ment. With a slightly larger scale of operation (50 mg. to 1 gm.), the 
reaction is likely to produce a large number of independent droplets, the 
coalescence of which is difficult if they are not immediately collected, 
for otherwise they become coated with refractory oxide. For this reason, 
the first successful reductions on the 50 mg. to l gm. scale were accomp- 


lished in the centrifuge. Subsequently, as reasons for poor collection 
became known, excellent yields of collected metal were obtained in the 
stationary bomb. The success of the method depends upon exact control of 
the thermal conditions which must be established for each scale of oper- 
ation. When determining the optimum conditions for reaction on a given 


scale, consideration must be given to the following points: 
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l. If the heat liberated by the reaction is small, some supple- 
mentery heat may be necessary to raise the products of reaction to a 
temperature high enough to cause proper separation of slag end metal. 
This can be provided by heating the bomb by an external source of 
heat or by adding a "booster" to the reaction mixture which consists 
of additional materiels to react with high evolution of heat coincicent 
with the main reduction reaction, but producing no harmful products. 

2. It is necessary that the reduction be carried out in such a 
manner that the products of reaction are in the molten state long 
enough and are of sufficiently low viscosity to allow the metal to 
collect in a coherent piece. Nothing can be done about the melting 
point of the metal, but the sl&g may be modified by inert additions 
which form eutectics and in general the booster reaction mixture not 
only supplies additional heat but also gives reaction products of low 
melting point or which form low melting point mixtures with the main 
product, 

3. The temperature at which the mixture ignites is useful 
knowledge in developing a successful firing procedure. 

4. The container in which the reaction takes place is usually a 
steel bomb with a liner of refractory material which does not react 
with the electropositive reductant, the reduced metal, or the slag 
produced. It should be sufficiently impervious to retain the reaction 
products, and should be of such purity as to not contaminate the metal 


produced. 
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Since plutonium was not available at the time investigations 
were started on small scale bomb reducticns, uranium was used as a 
stand-in to develop the techniques. Successful techniques were 
worked out by which uranium could be prepared with high yields 
(90 to 99 per cent) on the 1, 10, 25, 100 and 250 gram scale from 
the tetrafluoride and trichloride by reduction with calcium metal. 
When plutonium became available it was found that uranium was not 
a suitable stand-in, because of the lower melting point of plutonium 
end the lower heat of reaction of the plutonium halides with calcium. 
It was later found that cerium was a satisfactory stand-in for plu- 
tonium and much of the later detailed development of methods for 
making plutonium by the stationary bomb method has been accomplished 
using CeCl4 and CeF, for preliminary trials of bomb design and heat- 
ing schedules. 

Experimental.-— 

l. Apparatus. The apparatus used for the thermite reduction 
under consideration consists, in general, of a bomb or external con- 
tainer with a pre-fired refractory liner or container for the charge, 
and a high frequency converter and coil to heat the loaded bomb under 
controlled conditions. Figure VII-6 is a photograph of the bombs 
and liners used. Figure VII-7 gives cross-sectional drawings with 
dimensions of the bombs and liners. The bombs are machined from 
cold-rolled steel rod and have threaded caps with a lip on the inside 
which makes a seal with the copper gasket held in a groove in the 


body of the bomb. The screw in the cap of the bomb is to enable 
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Design of 1, 10 and 25 gram scale Bombs and Liners 


VII-7. 


Fig. 


filling the loaded bomb with an inert gas. The liners used usually 
are of highly vitrified magnesium oxide, though other materials have 
been used experimentally. 

2. Raw Materials. The quality and form of the calcium metal 
used is important. | Redistilled calcium of low nitrogen content and 
free from oxide is very satisfactory. The lumps of calcium are care- 
fully selected so as to be free of large pieces of oxide, sheared to 
about pea size and then ground in a Wiley mill. The product is 
screened, the -20, +80 mesh fraction being used. The use of -80 fines, 
which contain & large amount of oxide, decrease the yield. The ground 
calcium metal is exposed to air for as short a time as possible, then 
stored in glass or steel containers filled with argon. 

The halides used have been in powdered form of approximately -100 
mesh. The effect of larger particle size is not definitely known, 
but the absence of lumps is desirable. Powders of high bulk density 
are of advantage because a larger charge may be used in a given liner. 
As will be seen from the data presented, there are indications that 
the more dense halides give the best reduction yields. 

Iodine of reagent grade, ground to pass -80 +100 mesh, is used. 

3. Loading of the Bomb. All loading operations are carried out 
in a sealed glass fronted box maintained slightly below atmospheric 
pressure to avoid endangering the health of the operator. The halide 
is mixed with the reducing metal in a closed bottle and the mixed charge 
poured into the liner, covered with the refractory lid and the bomb cap 


is screwed on and tightened. The closed bomb is then placed in a 


vacuum jar (see Figure VII-S) through the lid of which a screw driver 
passes by means of a Wilson seal. The screw in the cap of the bomb 
is then run out, it being held by means of a clip on the screw driver. 
The jar is then twice evacuated and twice filled with uranium-purified 
argon, the screw replaced and tightened in the cap and the bomb removed 
from the jar, ready for firing. Larger bombs will be argon filled by 
directly connecting to the vacuum-argon line. 

4. Firing of the Bomb. In the firing of the reaction mixture 
a controlled rate of heating is necessary and a knowledge of the top 
temperature reached is important, This is especially true in the 
case of the small scale reductions where the heat generated by the re- 
&ction itself is not sufficient to keep the reaction products in the 
molten stete long enough for the metal to collect in one coherent 
piece. It was found that UCl3 + Ca, or UF, + Ca + I, mixtures could 
be heated rapidly to just above the starting temperature, and the heat 
of reaction was sufficient to allow the metal to collect in one piece, 
even on the one gram scale. In the reaction of calcium with plutonium 
halides, the heat of reaction is less than with uranium halides and thus 
a method for firing the small scale charges had to be developed whereby 
the desired inside temperature at the conclusion of the reaction could 
be reproducibly attained by the use of an external source of heat, 
This was necessary in order to ensure that the products of reaction 
would be in the molten state and allow coagulation of the metal. The 


rate of heat liberation by the reaction is also important, because if 
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the temperature rise is not fast enough the products may solicify and 
subseguent heating to temperatures above the melting points of the 
products will not coagulate the metal satisfactorily. 

Data for controlling heating rates and firing conditions were 
obtained by taking time-temperature data on the inside of the liner, 
without a charge. Figure VII-9 is a graph showing these data for 
MgO liners in steel bombs designed for reductions on the 1, 10 and 25 
gram scale. These rates of heating have been found best for firing 
the bombs, having been ascertained in most cases by trying both slower 
and more rapid rates of firing. A 7.5 KW high frequency Lepel con- 
verter was used for firing all bombs. The following table gives the 


conditions used for each size of bomb. 


Table VII-4. Converter Settings for Optimum Heating Rates 





Lepel Converter Setting 


Bomb Coil* Coarse Fine 
Capacity Height Inside Turns Inductance Inductance Power 


Diameter Left Right 


1 gran an lèn 10 S M 16 1 
10 gram 3" at 8 M M 6 6 
25 gram 4 3/4" 251 18 L. d 5 6 


* All coils were made of + inch copper tubing flattened to a thickness 
of 1/8 inch. 


As an example, consider the one gram scale bomb with an MgO Liner. 


A reduction of Pucl, with Ca is to be run. It has been found that firing 
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to a liner temperature of 975°C. (not considering the heat of reaction) 
is satisfactory. The time of heating would be two minutes (see Figure 
VII-9), the temperature being knom to rise 2590, after the power is 
turned off. 

The above approach has been used to establish the optimum firing 
conditions wherever scale of operations, liner, power source, or other 
variable has been changed. New conditions are always first studied 
with cerium halides for the conditions arrived at with cerium have been 
found to work astonishingly well with the corresponding halide of 
plutonium. 

5. Unloading Bomb and Cleaning Metal. All unloading operations 
are carried out in a stagnant air box. The liners are usually easily 
removed from the bomb. The liner is then broken open and the button 
of metal removed. Slag and excess calcium which may be on the metal 
is removed by placing the button of metal in water and in glacial acetic 
acid. 

6. Determination of Ignition Temperatures. A method of determin- 
ing the ignition temperatures of the calcium-halide mixtures was develop- 
ed on a 50 mg. scale. Values obtained by this method using uranium 
halide-calcium mixtures checked those determined on a 10 gram scale. 

The small scale method consists of placing the mixture in a small refract- 
ory liner contained in a small steel bomb. A chromel-alumel thermo- 
couple of No. 28 gauge is placed in the center of the charge and sealed 
through the screw cap of the bomb by means of a two-hole insulator. 


The loaded bomb is then heated in a high frequency induction coil at a 
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desired rate, usually that employed in the actual reduction; time versus 
temperature readings being taken. When the charge fires there is a 
rapid increase in temperature and, in some cases, the thermocouple is 
burned out. 

7. Ignition Temperatures. The data on ignition temperatures of 
various halides with calcium metal are given in Table VII-5, together 
with heats of reaction, where known, for the purpose of discussion. In 
all cases the amount of calcium used was 125 per cent that necessary 


for complete reaction. 


Table VII-5. Ignition Temperatures and Heats of Reaction 








Mixture Heat of Reaction Starting Remarks 
(-aH) Temperature 
K cal/mole halide" ©. 
2UCl4 + 30a 73.0 649 Thermocouple burned out. 
2CeC13 + 3Ca 24.4 624 Thermocouple did not burn out. 
2LaCl, + 3Ca 32.8 675 n n n n n 
2PuCl4 + 30a _- 645 n "on w n 
UF, + 2Ca 126 515 Thermocouple burned out. 
CeF, + 2Ca un 575 n " " 
PuF, + 2Ca -—- 595 " " s 
PuCl3 + Ce _— -—- No reaction occurred. 
I, + Ca 128.5 398 Reaction used as "booster". 
UF, * 0.41, + Ca 158 410 Thermocouple burned out. 


(10 gm. scale) 


* Based on Data in Bichowsky & Rossini "Thermochemistry of the Chemical 
Substances", Rheinhold, New York, 1936. 


«DE 
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The above data show that all the chlorides listed have about the 
same starting temperatures with calcium metal. The same is true of 
the fluorides, but this temperature is definitely lower. It is sig- 
nificant that in reductions of uranium halides the couple is always 
destroyed, while in Pu, Ce and La reduction this does not occur. As 
shown in Table VII-5, -AH for the rare earth reductions is consider- 
ably less than that for the corresponding uranium reactions. Although 
rate of reaction will also influence the minimum temperature, these 
data provide strong indication that the heat of reaction for PuCl4 + Ca 
is closer to that of CeCl3 + Ca than to that of UC13 + Ca. Using a 
mixture of PuCl4 + cerium metal, no starting temperature was obtained, 
and the cooled mixture after heating to a maximum temperature of 967°C. 
showed no sign of a reaction having taken place. The heat of formation 
of PuCl3 is therefore probably greater or equal to that of CeCl3. The 
data on the fluorides indicate that the heat or rate of reaction for 


PuF, + Ca is higher than that of PuCl, + Ca. 
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Refractories for Bomb Reduction.-- Only after specially prepared 
liners were available was it possible to do satisfactory reductions, 
particularly on a large scale. All of the work described herein was 
performed in liners made by hend tamping of the dry powder, though 
subsequent developments of machine tamping moist MgO described in the 
chapter on refractories may eventually lead to an acceptable liner 
for large scale fluoride reductions. 

The MgO used was an electrically fused product (Vitrafrax) ground 
to pass a 200 mesh sieve. Unfortunately, this material made from 
mined magnesite is no longer available and recent shipments from the 
same supplier have behaved quite differently. 

The liner was formed in a graphite mold using either a graphite or 
metal plunger. The procedure was to jar a bottom layer of MgO in the 
mold; center the plunger (which determined the shape of the inside of 
the liner) in the mold, and add powder in small amounts, the mold being 
jarred on the bench efter each addition. When the height of the liner 
was reached, the plunger was carefully removed. The formed liner was 
then fired in the mold to 2000°C. by inductive heating. This firing 
took about twenty minutes. After cooling, the liner was removed from 
the mold. 

These liners were hard and dense and could be used for fluoride 
reductions. It was, however, too porous to be used for chloride 
reductions. The "vitrification" of the liner at still higher temper- 


ature for use in chloride reductions was accomplished as follows: 
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A large MgO crucible (4 in. OD, 3.5 in. ID and 6 in. high) which had 
been fired tó 2300°C. was pl&ced in a graphite crucible which was 

6 in. OD, 5 in. ID and 9 in. high. The cover of this crucible had & 
center vent hole and a pyrometer sight tube at an angle of 45 degrees. 
The liners prepared as above were placed in the large MgO crucible 
which was covered with an MgO lid. The graphite crucible was heated 
in a 7 in. induction coil. The "vitrification" cycle was to heat the 
liners to 2300?C. in 1.5 hours and hold at this temperature for thirty 
minutes. 

Magnesia liners used for both the chloride and fluoride reductions 
were made by this method. 

Calcium oxide liners were also made and vitrified by this Method; 
except that the first firing temperature was 1700°C. and the vitri- 
fication conditions were 2100°C. for thirty minutes. Electrically 
fused CaO was used. The CaO liners made by this method were very dense 
and non-porous but were inferior to the MgO liners for reduction, prob- 
ably because of a reaction between the slag and the CaO. 

Results Obtained in Bomb Reductions of Plutonium Halides.-- 

l. Reduction of PuClz with Calcium. The first successful reduct- 
ions of plutonium in the stationary bomb were made on the 500 mg. scale, 
using the trichloride and calcium metal. The data on all chloride re- 
ductions made to date are listed in Table VII-6. The liner temperature 
given therein is the maximum temperature which the liner would reach 
without the charge, established by methods described above. On opening 


a bomb after a successful reduction of the trichloride, the calcium 
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chloride slag is observed collected in a clean solid lump over a well 
formed button of metal, and very little of the slag is absorbed by the 
liner. The button of metal has a "Ca cap" which is easily broken 

from the button and in reductions made in MgO liners contains about 

50 per cent Ca and 50 per cent Mg with not over 0.05 per cent plutonium. 
The button is easily freed of excess Ca and slag by washing in water or 
glacial acetic acid. 

Entries 1 through 7 (Table VII-6) are the first group of 500 milli- 
gram to one gram reductions made in vitrified MgO liners. The liner 
temperatures were varied, 975°C. giving the best results. The chloride 
used in these runs was made from the oxide and many of the variations 
in the data are believed to be due to differences in the various batches 
of chloride. In entry 7, one-seventh mole of iodine per mole of chlor- 
ide was added and found to be of no advantage. 

Entries 8 through 27 are for reductions of chloride made from the 
oxalate. Entries 9 through 13 show that this chloride gives consist- 
ently better results than chloride made from the oxide. Entries l4 
and 15 are for chloride made from the oxalate and then sintered at 
725°C. for 2 to 3 hours. Entries 19, 20 and 21 are for distilled 
chloride. The sintered chloride made from the oxalate is superior to 
the other chlorides for reduction. In addition to the higher yields 
obtained, this chloride has a higher bulk density and a larger charge 
may be reduced in a given liner, with better collection. 


Entries 15 through 18 list the results of & study of iron pickup 
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from iron bombs and nickel plated bombs with and without iodine. The 
metal from all four runs was low in iron and no significant differences 
in the iron content were apparent (see Table VII-7). 

Entry 24 is a reduction of chloride which had been allowed to 
hydrate in air to the formula PuCl, ° 2Hj0. Results of this run 
indicate that some hydration of the chloride does not interfere with 
the reduction reaction. Nevertheless, oxygen should not be present 
because reductions of the oxychloride of plutonium (PuoCl,) with Ca 
gave no coherent metal, only a cokey mass being obtained. 

Entries 25 through 27 record reductions of sintered chloride on 
the 10 gram scale. The same liner-temperature firing to 975°C. was 
found to hold as well on this scale as on the smaller scale; vitrified 
MgO liners being used. A calcium-iodine layer was used on top of the 
charge in 26 and 27 to avoid the possible formation of a bridge of un- 
reduced chloride. 

Entries 28 through 20 are for reductions of the chlorides in 
vitrified Ca0 liners. These liners absorbed the slag and gave poorly 
formed buttons, and are definitely inferior to MgO liners for chloride 
reductions. 

One reduction of Pull, with Ca was made in a CeS liner. This 
liner absorbed all of the slag and part of the unreduced chloride, 
giving a poorly formed button of low yield. 

Representative analytical data on plutonium metal made by the re- 


duction of Pucl with Ca are given in Table VII-7. The colorimetric 
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iron determinations are more reliable than the spectrographic determin- 
ations. 

2. Reduction of PuBr, with Calcium. Only one reduction of the 
tribromide with Ca has been made. This was on the 500 mg. scale in an 
MgO liner. The metal obtained was in two pieces, a yield of only 53.4 
per cent being obtained. A satisfactory technique for the reduction 
of PuBr4 could no doubt be developed. 

2. Reduction of PuF, with Calcium. The reduction of a fluoride 
with Ca on a small scale offers one difficulty not encountered when 
dealing with a chloride. This is the high melting point of the Cal, 
slag (1330°C.) as compared with that of CaCl» (77290.). The heat of 
reaction alone is not sufficient to keep the slag molten long enough 
for the metal to collect in one piece and it is difficult and impracti- 
cable to raise the temperature fast enough through the starting temp- 
erature to avoid solidification of the slag before the metal has been 
collected into one piece. Therefore, with fluoride reductions it is 
desirable to arrange a concurrent reaction which produces additional 
heat and yields a substance which will lower the melting point of the 
slag. Iodine end additional calcium (producing Cal>) has been found 
to be a very suitable mixture for this purpose. The reaction between 
calcium and iodine starts at 400°C., and undoubtedly then ignites the 
calcium-fluoride mixture; however, the important functions of the iodine 
are believed to be the two previously stated. 


Several reductions of PuF, with Ca have been made and the data are 
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given in Table VII-8. The amount of iodine in the charge has been 
varied and fluorides made in different ways have been studied. Tre 
technique for these 500 mg. reductions was developed at first with UF, 
and then with CeF,. The loaded bomb consists of a layer of 0.15 gm. 
In + 0.02 gm. Ca on the bottom, the main reacting mixture of fluoride, 
calcium and iodine, and then another layer of 0.15 gm. In + 0.02 gm. Ca 
on top of the charge, the bomb being argon filled as previously explain- 
ed. The heating schedule was the same as with the chloride, i.e., to 
en unfilled liner temperature of 975°C. in the case of a one gram bomb. 
This temperature is reduced as the size of the charge increases to about 
750°C. for an 8 gram charge and will probably be 450°C. on a 240 gram 
scale, i.e., just sufficient to fire the mixture. Vitrified MgO liners 
were used on all reductions. In almost every case these reductions gave 
exceptionally high yields, with very well formed buttons of metal having 
the usual Ca top. Entries 1 through 6 are for reductions using the same 
charge but with fluorides prepared in different ways. The fluoride pre- 
pared from oxide fired at 1000°C. seems to give the best yields and is 
desirable because of its higher bulk density. In entries 7 through 8, 
the amount of iodine in the charge was varied, the top and bottom layers 
being constant. The most favorable 500 mg. charge contains 0.25 mole 
Io per mole of PuF,. 

Representative analytical data on plutonium metal made by the reduct- 
ion of Pur, with Ca are given in Table VII-9. 


The last four reductions listed in Table VII-8a are for larger scale 
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fluoride reductions. The first seven reductions were run in the 10 gram 
bomb previously described although the bombs were not filled completely. 
Vitrified magnesium oxide liners similar to those used for chloride 
reductions were used. All charges were argon packed. Entry 7 is for 
a reduction using a charge containing 0.5 mole of iodine per mole of 
fluoride and 25 per cent excess calcium, Two grams of iodine and the 
stolchiometric amount of Ca was placed on top of the charge. The 
firing procedure used was to heat to a liner temperature (see Figure 
VII-9) of 97590, All of the slag and probably part of the metal was 
absorbed ty the liner, indicating too high a temperature due to too 
long a firing time and too much iodine. Entry 2 is for a reduction 
using a charge containing 0.25 mole of iodine per mole of fluoride and 
25 per cent excess calcium with a one gram layer of iodine on top. 
The liner temperature used for this reduction was 750°C. There was 
very little absorption of the slag by the liner and a well formed 
button giving a yield of 97.3 per cent was obtained. This reduction 
technique for the fluoride on the 6 to 10 gram scale seens satisfactory 
but entries 5 and 6 show that it is possible to fire to a lower liner 
temperature, thus obtaining even less absorption of the slag by the 
liner. 

The last four entries in Table VII-8a are representative of current 
practice on an approximately 25 gram scale. It is shown that the 


amount of iodine and the firing temperature may both be reduced on the 
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larger scale without adverse effect on yield. It is interesting that 
complete conversion of the oxide to the fluoride does not seem to be 
necessary in order to get good yields. Extremely high vitrification 
of MgO is not necessary for large fluoride reductions. 

The analysis of some of the metal obtained from these larger scale 
reductions and from the same material after remelting is shown in 
Table VII-9a. 

Cerium tetrafluoride has proved to be a satisfactory stand-in for 
the 10 gram scale reduction and it will be used for the development of 
larger scale techniques. It is anticipated that the 25 gram and 200 
to 250 gram scale reductions of PuF, will be carried out in & manner 
similar to the 10 gram scale except that the liner temperatures to 
which the bomb is fired and the rate of firing will be lower. It may 
be possible to heat the larger charges only to the firing temperature, 
as is now being done successfully with UF, reductions. The same type 
liner and bomb now used for 250 gram scale UF, reductions will probably 


be used with PuF,. 
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PRODUCTION OF PLUTONIUM BY ELECTROLYSIS 


Prior to the time when appreciable quantities of plutonium were 
available, electrolytic reduction was considered, along with reduction 
by active metals, as a possible method for the production of metallic 
plutonium. Consequently, small scale electrolytic reductions were 
undertaken using uranium as a stand-in. It was found that uranium 
could be deposited from a solution of its trichloride in a fused solvent 
containing 48 per cent BaCl,, 31 per cent KCl and 21 per cent NaCl by 
weight. The stand-in experiments were performed in small Pyrex cells 
and recoveries in excess of 50 per cent were readily obtained on a 50 mg. 
scale. Accordingly, the same techniques were applied to plutonium re- 


duction as soon as it became available on the same scale. 


Experimental 


Electrolytic Cell Design.-— The cells used for 50 mg. electrolyses, 
as well as for most of the larger scale reductions, consisted of 18/7 
semiball Pyrex joints, usually constricted at the base to an internal 
diameter of 4 to 5 mm. The cathode of tungsten or other wire was 
sealed through the base, exposing only about 1 mm. of its length. The 
cell top carried the anode and an inlet and outlet for providing an 
inert gas atmosphere. The gas, either hydrogen or argon, passed from 
tanks over tuballoy chips, heated to 5009C., into the cell. The effluent 


gas (argon aad chlorine or HCl and hydrogen) flowed through a cold trap, 


-22l- 


over soda-lime and Drierite to a flow indicator. The line was also 
connected to a vacuum pump and, prior to heating the cell, the entire 
system was evacuated several times and flushed with the gas. The cells 
were heated by a wire-wound pot furnace and the temperature was con- 
trolled by a thermocouple shielded by Pyrex tubing and operating a pro- 
portioning controller. Temperatures were constant to + 290. Because 
of the toxic nature of the material the pertinent portions of the equip- 
ment were enclosed in a hood. 

The solvent salts were reagent grade, dehydrated at 150°c. where 
necessary, and individually fused and cast in platinum. They were then 
ground in porcelain, mixed to contain 48 per cent BaCl», 31 per cent KCl, 
and 21 per cent by weight of NaCl, and fused, cast and reground. The 
mixture was kept in a desiccator and heated to 150°C. before use. 

Preparation of Plutonium Trichloride.-- The plutonium trichlorides 
were prepared by a variety of methods and were checked by chemical and 
X-ray analyses. The methods of preparation are listed below to corre- 
spond with the designations in Table VII-10. 

(a) Hydroxylamine - wet preparation of PuCl, reduced by hydroxyl- 
amine and dehydrated in HCl. 

(b) Formaldehyde - wet preparation of Pucl, reduced by formaldehyde 
and dehydrated in HCl. 

(c) Hydride - metal reduced by lithium, converted to hydride, hydro- 
chlorinated with HCl. 

(d) Hydrogen — wet preparation of PuOl, dehydrated in HCl and 
reduced by hydrogen. 
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(e) HCl - Pu0, ignited from nitrate and reduced by a mixture of 
HCl and hydrogen. 

(f) Oxalate - trivalent oxalate hydrochlorinated by a mixture 
of HCl and hydrogen. 

The trichloride, as received, was transferred to the base of the 
cell and the powdered solvent superimposed; all filling and opening 
operations were performed in a closed box. Upon completion of the 
electrolysis, the cell was cooled under the inert gas and opened in 
the box. The contents were usually washed with water and acetone, 


and examined microscopically at low magnification. 


Results of Electroiytic Reductions 


Table VII-10 presents a chronological summary of the experimental 
data. The trichlorides prepared by wet methods invariably contained 
oxygen, probably as oxychloride. They were very dark and difficultly 
soluble in water. It is likely that metal was produced in runs 1398, 
1508, 1556, 1576 and 1590, but was probably coated by oxide which pre- 
vented coalescence. Plutonium trichloride prepared from hydride 
(1549) was light green, soluble in water, and yielded the first coherent 
electrolytic metal, indicating that the melting point of plutonium was 
probably below 660°C. 

Runs 1612 through 1639 were performed with a dry preparation of 
PuCl4 which, although it contained approximately 0.5 per cent of oxygen, 


yielded appreciable amounts of metal upon electrolysis. These experiments 
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indicated that for a given current density the recovery was reduced 
by an increase in temperature, but that recovery was increased at 
constant temperature by an increase in current density. This 
effect is in accord with expectations, for the cathode efficiency 

is diminished almost entirely by reaction of anode products with 

the metal. The low current densities employed in the early experi- 
ments resulted from the belief that the melting point of the metal 
was high and that it would be deposited as a solid. Having determ- 
ined that the metal was liquid at the electrolysis temperature, a 
run (1661) was made at 900°C., but probably at too low a current 
density to secure reduction. At 600°C. mainly powder was obtained 
(1671), indicating that the melting point was between 600° and 660%. 
(the melting point by thermal analysis appears at present to be about 
630°C.). 


At this point, a new method of PuCl, preparation was introduced, 


3 
resulting in a superior product. Using the trichloride prepared by 
hydrochlorination of the dioxide, it was determined that high density 
metal (run 1677) was produced by electrolysis, and (run 1681) that 


the reduction was electrolytic and not the result of secondary chemical 


reaction with sodium or bariun. 
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Electrolytic Reduction on the One Gram Scale.-- Having achieved 


some measure of success on the 50 mg. scale, a one gram reduction was 
carried out using the new trichloride (1688). A large bead of metal 
weighing almost 400 mg. was obtained on the projecting tungsten cathode 
in addition to the usual droplets (Figure VII-10). Microscopic 
examination of these droplets showed the presence of an eutectic 
phase and the presence of free cubes of a phase taken to be tungsten. 
The experiments which followed were designed to determine whether 

the tungsten was derived from the cathode by alloying, or from the 
anodes by solution followed by electrolytic deposition. Alloying 

of plutonium with tantelum had been reported as negligible even at 
900°C., and so an electrolysis (1707) was carried out in a cell with 
a tantalum wire cathode and a graphite anode. The metal showed 
nonmetallic inclusions, but no evidence of a second metallic phase 
(Figure VII-12). A tungsten cathode was substituted and the run 
repeated (1711, 1720). No evidence of free tungsten or of the 
eutectic was found (Figures VII-13 and VII-14). It may be concluded, 
ihen, that the tungsten present in the metal of run 1688 was obtained 
by anodic solution and subsequent electrodeposition. This belief is 
confirmed by the deposition of tungsten crystels under similar con- 
ditions in earlier electrolyses. Experience in uranium deposition 
employing hydrogen as a cover gas had been that virtually no tungsten 
was transferred from the anodes. The difference in behavior may be 


attributed to considerably greater attack by chlorine than by HCl. 
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Fig. VII-10. Plutonium Beads and Cathode (1688) 
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Eutectic and Free "Tungsten". Deposit from Tantalum Cathode. 
(1688) (500 x) (1707) (250 x) 





Fig. VII-13. I I | 
Deposit from Tungsten Cathode. I Fig. VII-14. 
(1711) (250 x) Deposit from Tungsten Cathode. 
(1720) (250 x) 
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It will be noted that hydrogen was used in the first experiments, but 
argon was substituted to avoid the possibility of hydride formation. 
However, a return to hyórogen (5008) demonstrated that these fears 
were unfounded. 

The failure to deposit coherent metal from wet preparation tri- 
chlorides was attributed to the presence of oxychlorides. Similarly, 
PuClz which was slightly hydrated by storage (1740) or incompletely 
converted (1784, 1844) produced low yields. On the other hand, 
freshly prepared trichloride resulted in satisfactory recoveries 
(1856, 185'7). | This phenomenon is not unusual and is encountered 
in many fused salt processes, notably the production of magnesium 
end calcium. 

One of the obvious drawbacks of the electrolytic method as de- 
scribed is the formation of individual droplets rather than a single 
massive piece of metal. While it is probable that operation on a 
considerably larger scale would remedy this defect, it appeared likely 
that an increase in the temperature of electrolysis would aid collect- 
ion of the metal. An attempt to remelt the small droplets in the 
presence of the electrolysis bath met with no success (1857). Reduct- 
ion at high temperatures cannot be performed in Pyrex and, after con- 
siderable stand-in testing, a conical cell of molybdenum was finally 
selected. This cell rested on a graphite platform and was enclosed 
in a Vycor jacket. The tube was swept by purified hydrogen and the 


electrolysis carried out at 800°C. The metal collected as a single 
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coherent button in the base of the cone. Microscopic examination 


showed no evidence of alloying at the molybdenum-plutonium interface. 


Analyses of Electrolytic Plutoniun 


A number of spectroscopic analyses have been made on electrolytic 
plutonium but the early analyses are not reliable because of the small 
quantities involved and because the analytical methods have since been 
improved. Table VII-11 lists the results of two later analyses on 
lerger samples. It will be noted that the sodium content is fairly 
high but it is almost certain that even were the sodium not eliminated 
during remelt, it could be reduced to tolerable values by omission of 


NaCl from the solvent salts, 


Table VII-11. Analyses of Electrolytic Plutonium 


Impurity Sample 1688 Sample 5008 
TTD RETRO A | roc ERN E RR ET 
Li ND< 1 
Be ND< 1 ND<2 
Na 20, 80 
Mg 20 
Al ND < 400 
K 20, 40 
Ca £5, <10 40 
Fe < 400 
Ba ND < 40 
La ND < 400 
Th ND < 2000 
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Summary 


The electrolytic method of reduction was discontinued when it be- 
came evident that high purity was no longer a consideration. Sufficient 
experimental work has been performed, however, to allow several definite 
conclusions. 

l. Plutonium may be prepared by electrolytic reduction of its fused 
trichloride in a solution of chlorides of more electropositive metals. 

2. The Pucls is best prepared by a dry method and the oxygen and 
moisture content should be low. 

3. The electrolysis is best carried out at approximately 800%. 
end at high current densities. A suitable PuCl3 concentration appears 
to be approximately 30 per cent by weight. Cathodes may be of tungsten, 
tantalum or molybdenum, and anodes of graphite, although tungsten anodes 
may serve when a hydrogen cover is used. Access of air to the fused 


salt must be prevented. 
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PLUTONIUM METAL BY THE REDUCTION OF THE OXIDE WITH GRAPHITE 


When a mixture of plutonium oxide and graphite is heated in vacuun, 
carbon monoxide corresponding in amount to the oxygen in the oxide is 
evolved. If the stoichiometrical amount of graphite is used, the 
following reaction takes place at 1200° to 1500°c.: 

| 2C + Pu0) = Pu (vapor) + 2C0 (1) 
When an excess of grephite is present, the reaction which occurs at 
about the same temperature is 
(2 + x)C + Pu09 = 2CO + Puc, (2) 
If the mixture is subsequently heated to 1900°C., the carbide decomposes. 
PuCx = Pu (vapor) + xC (3) 

The reactions were carried out in inductively heated crucibles of 
graphite, tantalum or tungsten. The metal vapor was condensed on a 
thin tantalum "derby hat" held tightly onto a water-cooled copper 
finger. 

Reductions with excess graphite, all on a 50 mg. scale, were carried 
out in each of the three crucible materials. Because of its low vapor 
pressure, tungsten seemed to be most suitable. In these experiments 
the graphite and oxide were ground together and heated, first, at 1200? 
to 1500°c. until all the CO was pumped off (Equation 2); this reaction 
took about an hour. The temperature was then raised to 1900? to 2200°c. 
in order to distill the metal out of the carbide. The yields of metal 


varied from 30 to 58 per cent; the experiments showed that these yields 
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could be increased by increasing the duration and temperature of the 
distillation. A spectroscopic analysis of metal obtained by this 


method follows: 


Lithium Not detected («1 ppm) 
Beryllium Not detected (< 1 ppm) 
Sodium Blank (« 5 ppm) 
Magnesium Blank (« 5 ppm) 
Aluminum Not detected (« 3 ppm) 
Potassium Not detected («15 ppm) 
Calcium Blank (« 5 ppm) 


The only crucible material used in the experiments with & stoichio- 
metric amount of graphite was tantalum. The reactants were ground 
together and heated to 1200? to 1500°c. In this temperature range the 
CO and metal distill out together at a rate controllable by the temper- 
ature. This reaction was completed in about an hour. The yields 
were roughly quantitative, but there was always some back reaction 
caused by the hot CO impinging upon the deposited metal. Attempts 
were made to improve the quality of the product by using a reaction 
chamber designed to permit redistillation of the first product. This 
work was not continued due to the termination of the purification pro- 
gram. Nevertheless, the results already obtained indicate the feasi- 
bility of the process es a source of exceptionally pure plutoniun 
metal. 
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CHAPTER VIII 


FABRICATION OF_PLUTONIUM METAL 


The need for inrormation on methods whereby metallic plutonium could 
be made into articles of desired sizes and shapes led to a large amount 
of research on fabrication methods as soon as a sufficient quantity of 
plutonium was available. Because of the health hazard and the relative 
ease of oxidation of the metal, those methods were favored which could 
be carried out in closed systems under vacuum or protective atmospheres, 
or under protective liquia media. In general, such operations as 
machining or grinding were avoided in favor of casting and the mech- 
anical working processes of rolling and pressing. Due to the importance 
of the surface protection of plutonium during mechanical working and 
storage, some attention is given to this subject in the last section of 


the Chapter. 
REMELTING AND CASTING 


The vacuum remelting and casting of plutonium metal have been con- 
sidered important from the start as methods for obtaining some purifica- 
tion of the metal biscuits from reductions, for making sound ingots pre- 
liminary to the mechanical shaping operations, and for obtaining simple 
shapes directly by casting into a suitable mold. This interest in 
melting and casting led to many preliminary studies on tne behavior of 
various retractory materials in contact with micro to milligram amounts 


of plutonium metal and larger amounts of stand-ins; this work being done 
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before gram quantities of plutonium were available. An account of this 
preliminary work constitutes tne first part of this section. The re- 
mainder of the section is devoted to the more recent work which was done 


eiter larger amounts of plutonium became available. 


Preliminary Tests of kefractories with Plutonium and Stand-ins 


For tnese preliminary tests with 0.5 to 1.0 mg. of metal, it was 
necessary to devise a micro-vacuum technique which would permit bringing 
relatively clean metal into contact with a refractory at a definite temp- 
erature for a definite time. The system was so designed that it could 
be thoroughly out-gassed betore contact between the metal and refractory 
was established. This was done so that the metal would not react with 
constituents of the system other than the refractory. 

The apparatus consisted of a water jacketed quartz tube connected 

to a line capable of producing a vacuum of 107? to 107° mm. Hg. Into 
the quartz tube was inserted a heating element made of 25 mil tungsten 
wire wound into a 0.25 inch diameter coil and subsecuently coated with 
beryllia. A crucible of the refractory to be tested was placed in the 
coil. An integral part of tnis furnace assembly was a magnetically 
operated device for dropping the metal into the refractory crucible 
without destroying the vacuum after the system hud been out-gassed. 
With this apparatus it was possible to tnoroughly out-gas the refract- 
ory at a temperature above that at which the test was to be made, while 
the metal remained cola. After the crucible was out-gassed, its temp- 
erature was lowered to that desired for the test and the metal sample 


was dropped. 


Small Scale Tests Using Uranium as Stand-in.-- The technique was 
first tested using uranium and graphite which are known to react to 
form uranium carbide. A milligram piece of uranium was heated in a 
graphite crucible for 20 minutes at 14509C. after the crucible had 
been out-gassed for 60 minutes at 1600°C. Microscopic examination 
of the mounted, ground and polished specimen showed that three zones 
were distinguishable; the core of the metal sample which was & very 
hard mass of uranium carbide, soft unchanged graphite, and an inter- 
mediate zone of material grading swoothly from the soft graphite to 
the hard carbide. As expected, no unchanged uranium was present. 

By holding milligram amounts of molten uranium in contact with 
various refractories for 5 minutes av 13009C., it was found that re- 
action occurred with ThO,, Al203, MgO, 1105, TiN and ThS9; no reaction 
was evident with BeO, Las03, ZrO2, Cal, Ceo84, ThS, Ces and ZrN. 
Crucibles used in these tests were made by tamping the refractory 
powder, moistened with HNO3 or Ho0 in stainless steel molds, removing 
the green crucible, drying at 100%., and firing in vacuo at 1000° to 
1500%. 

Small Scale Tests wiun Plutonium.-- Various oxide, nitride ana 
sulfide refractories were tested for reaction with milligram amounts 
of plutonium by the technique described above. 

l. Oxides. The first refractory tested with plutonium was 
beryllia. After a BeU crucivle had been out-gassed at 1600°C. tor 
60 minutes, a 0.8 mg. piece or metal was remelted in the crucible and 


held for 5 minutes at 1050°C. microscopic examination of the crucible 
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and contents atter mounting in Lucite, grinding ana polishing, revealed 
that plutonium had reacted with the Beu, carving a hole in the crucible. 
The outer surface of tne metal had been converted to PuO, and the bulk 
of the metal to PuO, but a core of metal remained. The crucible walls 
surrounding the metel were stained, probably by the penetration of PuO. 
A second test at 950°C. showed definite but mucn less severe attack on 
the crucible. 

Further tests of oxide refractories were conducted on (Cad, ZrO,, 
and 1a,0,. Molten plutonium held for 5 minutes at 1000°C. attacked each 
of these crucibles, the plutonium (1 mg. samples) being entirely convert- 
ed to some new hard compound. These tests indicated tnat no oxide is 
completely unreactive toward plutonium at 1000°c. The possibility re- 
mained, however, that one of the most stable oxides if made into extreme- 
ly dense, non-porous crucibles might be satisfactory tor larger scale 
operations in which the crucible surface to metal mass ratio would be 
greatly decreased. 

2. Nitrides and Graphite. Titanium nitride and zirconium nitride 
were tested. The former showed reaction with plutonium and the charge 
soaked into the crucible. There was some evidence that the reaction 
was with TiO, present as an impurity; however, treatment of the nitride 
with HF to remove TiO, left a product which could not be sintered suff- 
iciently well even by prolonged heating at 1000°C. Zirconium nitride, 
ZTN, was a much more promising refractory. In one test there was no 
evidence of reaction with plutonium metal and. the metal was easily re- 


moved from the crucible after the test. in another test, some plutonium 
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did soak into the crucible but this probably was due to the high por- 
osity of the refractory. 

When plutonium was heated at 1000°c. in graphite, no reaction 
occurred; however, there was complete reaction at 1300°c. 

3. Sulfide Refractories. A series of sultide refractories 
(see Chapter VI) with the composıtions indicated by the empirical 
(ca. 1 mg.) in a crucible of the material and holaing for 10 minutes 
at 10009, at 12009 and at 1400°C. All crucibles were out-gassed to 
107? to 1079 mm. Hg beiore the metal was dropped into contact with tne 
refractory. The results of these tests, based on macroscopic exam- 
ination, are given in Table VilI-l. Microscopic examination of these 
systems has not yet been completed. In general, all of these sulfide 
refractories seemed suitable for remelting plutonium metal at 10009C., 
witn the mixed thorium-cerium "brass" appearing the most promising 
and the BaS the least suitable. The metal tended to adhere to each 
of the refractories at 1200°C., and at 1400 "C. all of tnem, except 
possibly the cerium "brass", showed incipient reaction with plutonium. 

Tests of Sulfides with Stand-ins.-- Macro-scale tests of sulfide 
refractories were made by melving uranium, cerium or barium in cruc- 
ibles, holding at a definite temperature for some time, and atterwards 
allowing an ingot of the metal to form on cooling. ALL operations 
were conducted under vacuum. In addition to determining the extent 


of interaction between retractory and metal, it was tne object of some 
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of these tests to determine tne extent to which certain impurities 
were removed from tne metal in the process. The uranium used con- 
tained l ppm of beryllium and 700 ppm of carbon; the cerium metal 
contaıned considerable sodium anu magnesium ano a small amount of 
manganese. 

In general, suliide refractories seemed excellent as crucibles 
for remelting active metals; the sulıur pick-up was not large, sodium 
and magnesium were quite completely removed, beryllium was largely 
removed from uranium, the interaction between the sulfide crucible 
and the metal was negligiole or slight, and the metal ingots were 
usually easily removed trom the refractory. The experimental con- 
ditions and the results of tne tests with each refractory are given 
in some detail below. 

l. BaS — Sound ingots are obtained with uranium up to 1500%. 
without much attack and with little sultur pick-up. There is def- 
inite evidence of attack at 19009C. with the evolution of Ba and a 
sulfur pick-up of about 1500 ppm. Cerium attacks BaS at 1200°c. 

2. CeS — Sound, clean ingots of uranium were obtained even 
after 30 minutes at 147590, or 4 minutes at 1900°C. The sulfur pick- 
up was only 10 to 20 ppm with no carbon removal, and the removal of 
50 per cent ot the Be at 1475°C. and 80 per cent at 1900°C. The 
crucibles were easy to remove from the ingot. Barium was distilled 
out of tne crucible at 1500°C. in vacuum and at 1700°C. in a helium 
atmosphere. In the first case, 25 per cent of the Ba had soaked into 


the crucible and in the second case 29 per cent was retained, with no 
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visible attack of the crucible. Mixtures of alkaline earth halides 
ana uranium did not attack the crucible upon distilling out tne halide. 
Uranium hydride is easily melted to a sound ingot. Above 1300°C., 
cerium wets the crucible but does not attack or penetrate the walls 

and a clean, sound ingot is obtained. The crucible is somewhat diffi- 
cult to break off the ingot when the walls nave been wet. 

3. Ce38) — Clean, sound ingots of uranium were obtained after 
30 minutes at 1475°C., wita 50 ppm sulrur pick-up, no carbon removal, 
and removal of 96 per cent of the beryllium. Similar results were 
obtained witn cerium metal after 30 minutes at 1300°C. The sodium 
and magnesium impurities were completely removed but the manganese 
remained. in all cases, the crucible is easily removed from the ingot 
and there are no signs of attack. Barium does not attack the cruciole 
at just above its melting point and can be cast nicely. Barium attacks 
the crucible severely at 1500°C. Uranium ana uranium bromide mixtures 
attack the crucible at 1000°C. 

4. ThS -- Crucibles containing excess free Th metal are more 
readily attacked by metal due to alloying with the Th, but pure ThS 
crucibles gave practically the same results as were observed with Ces. 
{n the runs with Ba, 5 per cent of the Ba was retained at 1500°c. in 
vacuum and 52 per cent at 170090. in helium. The sulfur pick-up was 
the same as for CeS. 

5. ThoS3 — This crucible has been tested only with cerium for 
30 minutes at 130090, A clean sound ingot was obtaıned with easier 


removal of the crucible from tne ingot tnan in the case of the "silver" 
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and "brass" crucibles. it appears to be as satisfactory as any of the 
other crucibles. 

6. Th»+S]>2 — This crucible gave clean, sound ingots of uranium 
after 30 minutes at 1475°C., and of cerium after 30 minutes at 1200?C. 
The same results were obtained as for Ce48, * Ninety-five per cent of 
the Be was removed from uranium after melting for 5 minutes at 1300°c. 
The sulfur pick-up was 15 to 20 ppm. This material seems to show the 
least tendency to be wet by the metal. Ingots can often be knocked 
loose from the crucible walls without breaking the crucible. 

7. (0€69,331h9.66)8, (Ceo,5Thg,5)S, and (Tho sUo,5)S — Tests of 
these crucibles have given the same results as observed for "brass" 


ces and "silver" ThS. 


Larger Scale Remelting and Casting of Plutonium 


The Technigue of Vacuum Remelting and Casting.-- 


l. Apparatus. The vacuum system employed for remelting and cast- 
ing consists of & moderately fast mercury diffusion pump and liquid air 
trap to which is attached by means of a right angled adapter head, a 
vertical quartz tube approximately 12 inches long and one to two inches 
in diameter according to the size of the remelt crucible. The adapter 
is attached to the vacuum line by means of a ball joint (to permit 
shaking the tube) and to the quartz tube by a standard taper ground 
joint. A flat glass window placed in the adapter head directly above 
the quartz tube permits viewing the crucible contents and temperature 


measurements with an optical pyrometer. 
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The crucible to be employed is fitted into a graphite cylindrical 
container supported on a single tungsten rod. The unit is then lower- 
ed into the quartz tube, the tungsten rod fitting into a capillary at 
the base of the tube, thus holding the crucible concentric with tne 
tube axis. A high frequency induction coil is then fitted around the 
tube such that the crucibles are centered in the coil, the outer sur- 
face of tne tube being cooled by water flowing directly over it. 

2. Degassing Procedure. The graphite liners are degassed at 
approximately 220090,  Crucibles of CeS, CaU and MgO and those made 
of most other materials are degassed at 1600°C.; ZrN has been degassed 
at 2000?C. , but it probably should be degassed at 1800°C. since Changes 
apparently occur at the higher temperature. The criterion set for a 
satisfactorily degassed crucible is that it should yield a pressure of 
less than 5 x 1076 mm. Hg at a temperature 100° higher than that at 
which it is to be used for remelting. It has been found that heating 
at the above temperatures for 20 to 30 minutes is sufficient, Cooling 
of the crucibles is carried out in helium purified by being passed 
over red hot uranium turnings. 

3. Remelting of Reduced Biscuit. The metal to be remelted, as 
it comes from the reduction bomb, is first cleaned electrolytically or 
mechanically to remove any adherent oxide coating. It is then placed 
in a degassed crucible (usually of CeS), inserted in the vacuum system 
and pumped cold until the vacuum is approximately 1079 mm. Hg. Heat- 
ing is then begun and the temperature raised sufficiently slowly that 


a vacuum of about 107? mm. is maintained. At about 700°C. the light 
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metals begin to distill and form a mirror on the tube walls. After 
the temperature has passed 900°C., there is usually little increase 
in the apparent thickness of the mirror upon further raising the temp- 
erature. Analytical results, however, showed that further purifica- 
tion was effected by carrying the melt to 1200°C. for 30 minutes. A 
comprehensive study of the effect of time and temperature of remelting 
has not yet been carried out since the above conditions were found to 
provide satisfactory metal and were easily attainable. 

During the heating process a small amount of adsorbed gas is 
liberated from the crucible walls, etc. This apparently contains 
sufficient oxygen to form small patches of oxide on the surface of the 
molten metal. During the half hour heating at 1200°C., these patches 
tend to disappear, the metal globule finally appearing clean and shiny. 
The fate of the oxide is uncertain, but it is possible that it is picked 
up by the crucible walls or, alternatively, dissolves in the metal. 
Shaking the crucible conglomerates the metal, breaks up the oxide filn, 
ana hastens the formation of a clean globule. 

4. Casting Procedure. Plutonium has been successfully cast in 
the form of cylindrical and rectangular slugs. The crucibles used 
have been CeS, CaO and MgO. Casting temperatures in the case of the 
last two mentioned materials have been held below 1000°C. The casting 
crucibles used have had funnel shaped tops in which pieces of metal 
(previously remelted) are placed. Upon melting, the metal runs into 
the shaped portion of the crucible, thus leaving oxide films, etc. on 


the walls of the funnel. In this way a very satisfactory casting is 
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obtained. No evidence of snrink holes in any of the castings made 
so far has been observed. Methods of avoiding this difficulty with 
larger remelts by cooling tne molten metal from the bottom have been 
developed. 

Effect of Crucible Materials on Remelting of Plutonium.-- Before 
describing the individual materials there are some stetements to be 
made about remelting crucibles in general. First of all, it should 
be emphasized that the physical conditions and properties of a cruc- 
ible may determine its usefulness quite as much as its chemical comp- 
osivion. That is, if a crucible is porous so that the metal finds 
a large area for reaction and soaks in, or if it is very susceptible 
to thermal shock so that it cracks on heating, no matter how chemically 
desirable the particular material may be, the crucible is necessarily 
rejected. This means that under varying conditions of manufacture a 
crucible material may be good in one case and poor in another. A eruc- 
ible is usually classified as undesirable for the following reasons: 
the metal may wet the crucible in which case it will adhere upon cool- 
ing and tne crucible usually has to be broken away from the metal unless 
the crucible is porous, then the metal is entirely lost by capillarity; 
the crucible material may react with plutonium, decreasing the yield on 
remelting and, worst of all, introducing into the metal undesirable 
compounds or elements; and, finally, a crucible material may be rejected 
because it contains something, such as iron, which, while it does not 
react with the plutonium, may be introduced into the metal during the 


remelt. No just conciusions can be drawn from a remelt unless good 


-352- 


clean metal is used, preferably freshly reduced metal. Once a specimen 
of metal is worked very much, as in physical or metallurgical tests, it 
becomes badly contaminated by oxide and perhaps carbide; when a piece of 
metsl in this condition is remelted, a pasty mass is formed which usually 
does not become really fluid even at 1200°c. Almost every case of pasty 
remelts can be tr&ced to this effect. If by mechanical or anodic polish- 
ing this oxide film can be thoroughly removed, a good result may be ex- 
pected, but this is not always possible. Also, if a small amount of 
metal is used, of the order of 50 to 100 mg. or less, the metel will roll 
up into a sphere with a very small area in contact with the crucible. 

The results of remelts with the verious crucible materials are 
summarized below. 

le Cerium Sulfide (Ces). This material is the most satisfactory 
of all those tested. Approximately 70 remelts have been carried out 
in crucibles of this material and all but two have been entirely satis- 
factory as far as the crucibles were concerned. These two wet the 
crucible and stuck to it, but in both cases the metel was badly oxidized 
to start with and an alkaline earth metal had been added in an attempt 
to reduce the oxide. In one case Ca was used, in the other, Mg, and it 
is believed that these metals were responsible for this incongruous be- 
havior. Most of the remelts have been made at 1200°C., while approxi- 
mately twenty were made at 1300°c. There has been no noticeable re- 
action up to 137590. When remelted at 1200°C. for one-half hour, the 
plutonium button usually has a superficial layer of CeS on tnose surfaces 
in contact with the erucible, but this is brushed off or removed by 


treatment with concentrated nitric acid. 
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2. Magnesia. This is a desirable material from the standpoint of 
crucible production. It vitrifies well at 2300°C. and is easily de- 
gassed in vacuum at 1600°c. At temperatures up to 1000°c., it has proven 
satisfactory for casting and remelting plutonium. However, at higher 
temperatures, around 1200°c., there is noticeable attack and staining of 
the MgO with evolution of Mg vapor. Metal remelted at 1200°C. is apt to 
give pasty, nonfluid masses on subsequent remelts due to the presence of 
plutonium oxide. In one case some fresh metal broke through the oxide 
film surrounding it and dropped onto tne MgO at 1200?C. ; the reaction was 
so violent tnat the metal was blown out of the crucible. Usually, how- 
ever, the oxide film prevents rapid reaction. 

3. Calcium Oxide. Almost exactly the same remarks may be made 
for Ca0 as for MgO. It is good for casting and remelting up to 1000°c. 
Though easily produced, it must be kept out of contact with moisture and 
COs, and the present trend is to use MgO exclusively. 

The above three materials are those which at this writing appear 
most desirable. Those listed below are still in the experimental stage, 
or have been rejected for the stated reasons. 

4. Tantalum. This material has definitely been rejected because 
of the tendency of plutonium to wet the Ta, which results in its adher- 
ing so tightly that in most cases the Ta cannot even be peeled off con- 
pletely. This has occurred as low as $50%. At higher temperatures 
the plutonium spreads badly, sometimes climbing the walls and flowing 
to the outside of the crucible. 


5. Carbon. Rejected. Reacts with plutonium to form carbide at 


SFE) 


temperatures starting at 900°c. 

6. Iron, Nickel and Copper. Rejected. Alloy with plutonium 
even at 850°C. 

7. Beryllia. Although on early tests the metal disappeared, with 
signs of severe reaction, later trials nave repeatedly given very good 
buttons with no sticking. It is believed that BeO shows promise. 

8. Zirconium Nitride (ZrN). The crucibles delivered to date have 
been very difficult to degas, taking as long as 4 nours to reach 2000?C. , 
gassing badly all tne time and giving very heavy deposits on the walls 
of the quartz tube. There have been two good remelts (one-half hour 
at 1200?C.) and two in which the metal adhered to the ZrN. More work 
has to be done with this material. 

9. Thorium Sulfide (ThS). In one experiment, when the metal was 
heated in ThS above 1300°C., it ran into tne crucible. Subsequently 
tnis crucible was found to contain free thorium, and two later runs at 
120090. with crucibles analyzing ThS9 g7 gave very good remelts with 
no difficulties at all. This material may compare favorably with CeS 
if hydrolysis with moisture in the air is not serious. 

lO. Uranium Nitride (UN). Crucibles of this material have varied a 
great deal in their characteristics so that the several tests made with 
this crucible cannot be properly compared. The first tests indicated 
that tne UN crucibles were satisfactory. Later tests indicated that 
at temperatures above 1000°C. the plutonium wet and ran into the porous 
crucible. Furtner studies are planned with denser materials. 


ll. Tantalum coated with TnN. One run was made with such a crucible. 
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It was produced by melting Th metal in the Ta crucible and pouring out 
the excess, leaving a film of Th on the tantalum. it was then nitrided 
by heating at 15009 to 1600?C. in nitrogen. A 100 mg. melt of metal 
yielded a nice clean sphere. 

Purity of the Remelted metal.— Analysis reports of impurities in 
plutoniun metal must be interpreted as upper limits ior the element in 
question due to tne impossibility of proper sampling procedure, and the 
likelihood of external contamination of the small samples used. Because 
of frequent changes in analytical technique on sample sizes, the analyses 
here reported must be considered indicative rather than absolute. 

The impurities present in a sample of as-reduced metal depend con- 
siderably upon the method employed ior reduction as well as the method 
of preparation of the halide. A typical analysis of calcium-reduced 
plutonium chloride is given in Table VIII-2. The calcium content of 
the metal reduced from fluoride is much less. Table VIII-2 also 
records typical analyses of metal remelted in most oi the crucibles 
tested as well as the distillate from tne walls of the quartz tube 
in a few cases. 

Large Scale Operation.-- It is probable tnat tae present practice 
of doubly remelting, once for purification at high temperature and high 
vacuum and again for casting into desired shapes, will be simplified 
when larger batches can be handled and when suitable crucibles of all 
shapes are available of materials that will stand the high temperature 
treatment without reaction. It is also possible that the biscuits 


resulting from reductions on a larger scale will contain so little 
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calcium that high temperature vacuum treatment will be unnecessary 
and the metal can be directly cast at about 900°C. 

The Recovery of Scrap Metal.-- In order to eliminate the usual 
tedious chemical recovery of metal scrap (foil, chips, shavings, etc., 
often heavily oxidized) remelting has been studied. Straight remelt- 
ing does not eliminate the oxide film, nor do the separate pieces 
coalesce without inclusion of oxide. The addition of a reductant 
such as Ca or Mg to the scrap to be consolidated has not proven 
successful since the higher volatility of the reductant causes its 
volatilization even under a pressure of several centimeters of helium 
at temperatures necessary for the reduction. 

Remelting under a flux of fused salts (CaC1,, CaCl, - KCl, 

CaF, - LiF, and BaCl, - KCl - NaCl) has not yielded a consolidated 
metal button by solution of the oxide in the flux. It has been shown 
that Ce0, can be reduced to cerium with calcium metal under a flux of 
fused CaCl. - KCl, though with low yield. In view of this result 
several attempts at the agglomeration of plutonium have been carried 
out under a flux in the presence of a calcium or magnesium reductant. 
None of these have been eminently successful although a definite 
indication of progress is apparent. The procedure outlined below 

has yielded a fair button of metal from 1.5 gm. of oxidized foil 
several mils thick. No data are yet available, however, concerning 


the purity of the metal so produced nor of its physical properties. 
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l. The scrap is first remelted to a single button. This will 
pe lumpy and pasty, and will include oxide. 

2. Charge into a non-conducting crucible previously impregnated 
with the flux to be used; with the plutonium button add about 5 mol 
per cent of Ca, and cover the metal with flux (fused CaCl, - KCl; 
26.5 wt. per cent Cacl,). 

3. Place the crucible on a non-conducting support in a quartz 
tube and evacuate. Lower a tantalum cylinder around the crucible 
by means of a windlass and heat in an induction coil until the flux 
melts and becomes conducting. 

4. Raise the tantalum cylinder and continue heating the 
crucible contents inductively, making use of the inductive stirring. 

5. Introduce 10 to 20 centimeters of He and raise the tempera- 
ture to the melting point of calcium. Continue heating for fifteen 
minutes. 

6. The crucible will have to be broken to remove the metal 
button. Remelt, after cleaning electrolytically, to remove excess 


calcium. 
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MECHANICAL WORKING OF PLUTONIUM 


Fabrication methods of plutonium metal must take into account the 
facts that (1) the alpha modification is relatively hard and extremely 
brittle, (2) the higher temperature forms are relatively more ductile, 
and (3) the oxidation rate in air becomes serious around 50°C., and at 
lower temperatures in the presence of water vapor. Thus, any metnod 
involving deformations beyond a very small limit (apparently of the order 
of 1 per cent) cannot be used at room temperature. 

It has been found that the metal when in the beta state at about 150°c. 
can be rolled or pressed into thin sheets or foil without serious cracks, 
but in practice it is better to make use of the even greater plasticity 
of the gamma phase by heating to about 250°C. Hot oil provides at one 
and the same time a heating medium, protection of the metal against oxida- 
tion and protection of the operator against oxide or metal dust. Pressing 
in hard steel dies has been very successful on small, not too thin pieces 
and is currently the preferred method of shaping from a toxicological s 
standpoint. Rolling on improvised equipment has produced rather high 
scrap due to warping and cracking because close temperature control of 
the piece was not possible and the metal was frequently cooled below the 


transformation temperature between passes. 


Rolling 
Rolling was done with a set of assayer's or jeweler's hand rolls, 
2 inch diameter. Below the rolls special oil tanks were built and pro- 
vided with electrical heater units. A pump circulated the oil in the 
tray and oumped a stream over the top roll. Thus, the roll temperature 


approximated that of the oil bath after a few hours of heating. With 
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oil temperatures between 200° and 290°C., metal samples weighing from 

one-half to six grams were rolled to strip of various thicknesses and to 

foil of about one-half inch width and down to 0.001 to 0.0015 inch in 

thickness. The metal at these temperatures was very soft and difficult 

to handle on this account. When removed from the bath for gauging, it 

cooled below the transformation temperature, stiffened considerably and 

generally warped badly due to the large volume change accompanying the 

transformation which did not occur uniformly on the entire area of the 

sheet. Reductions in thickness per pass varied between 12 and 40 per 

cent, no close control being possible under the experimental conditions. 

The first strips showed rather bad edge cracks due partly to tne poor 

surface of the original billet, partly to the difficulty of flattening 

the badly "dished" samples after gauging, and partly to general inexper- 

ience. With improvements in technique, edge cracking was considerably reduced. 
A medicinal tyoe of heavy mineral oil was found to be generally sat- 

isfactory. On prolonged heating at nearly 300°C. in air, it darkened and 

after about 15 hours use had to be completely replaced.  Quenching or temp- 

ering oils of high flash point were rejected largely on grounds of unknown 

purity or of the knom presence of free fatty acids. The recently available 

silicones do not react with the metal and offer promise of being superior 

to hydrocarbon oils in lack of volatility and stability at high temperatures. 
During the rolling operation there is & certain amount of oxidation 

and some of the oxide is knocked off and becomes suspended in the oil. 

Some also sticks to the rolls and on the bearing surfaces. The bronze 


bearings were quite badly contaminated. The oil becomes radioactively 
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"hot" and must be handled with great care to avoid splashing and consequent 
hazardous contamination of the surroundings and the operator's clothing. 
The oxide film remaining on the metal after the hot rolling is of 

about the same thickness as from air oxidation at room temperature, name- 
ly, approximately 5 to 6 me. per sq. cm. It is removed by anodic sol- 
ution in equal volumes of 85 per cent phosphoric acid and ethylene glycol. 
This bath is operated at room temperature and 3 to 6 volts, using platinum 
cathodes, and yields a bright, lustrous surface. The time required is 
usually three minutes, and the metal is then dipped in concentrated nitric 


acid, washed and dried (see Chapter IX). 


Pressin 


Pressing operations, even those involving considerable deformation 
and flow of the metal, may be easily performed in hardened steel dies 
immersed in hot oil. The pressures required decrease with increasing 
temperatures above about 130°C., abruptly so at the beta-gamma trans- 
formation point in the neighborhood of 225°0. The highest temperature 
used so far has been about 300°C., the limit being set by the safe work- 
ing temperatures of the oil bath. Even at these low temperatures it is 
a true hot working operation without strain hardening, and there has 
been no evidence of overworking such as edge cracks. 

The procedure followed was: (1) to heat the die and plunger ina 
copper beaker which serves as an oil bath, (2) to remove the plunger, 
insert the cold sample, and replace the plunger, (3) to place the whole 
unit in a press, (4) to increase the pressure slowly to a predetermined 


value, (5) to cool either under pressure or not, as desired. 
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The rate of flow of the metal under a constant compression stress 
between parallel plates decreases as the thickness decreases and as 
the area increases. When the thickness drops below about 0.012 inch 
very high pressures are required for further reduction and this in- 
creases with the amount of metal being pressed. This effect of area 
is partly due to friction between metal and die and might be reduced 
— by improving the die surface. It seems likely, however, 
that limitations of press capacity will make it necessary to produce 
large area sheets of thickness below about 0.015 inch by rolling. 

From recent experiments on large (25 gram) samples, in a closed coining 
die, it has been found that corners can be completely filled in & piece 
about 0.08 inch thick with pressure from 25,000 to 30,000 psi, at 250°c. 
Commercially pure aluminum at the same temperature seems to flow with 
about the same pressure at this TENTER and is & suitable material 
for use in developing die design and present techniques. 

The available data on vressing is given in Table VIII-3. These 
results were obtained by placing approximately spherical or ovoid 
pieces of the metal as it came from remelting in & die one inch in 
diameter with plane parallel punches, and holding the pressure isul iy 
for about one minute at the temperature stated, then removing the piece 
and remeasuring. Except when large pieces were used, the bead spread 
under increasing pressure but did not fill the die; the surface friction 
of the thin piece and die distortion eventually eliminated radial flow 
even under the high pressures applied. However, with thick samples 


(runs 5 and 6) the metal flowed well and filled the die, giving 
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roma o’ ® 


Wt. of 


metal 


(gms. ) 


0.048 


0.135 


0.245 


1.328 


5.216 


9.262 


Table VII-3. 


Temp. 
V0. 


200 


200 


200 


290 


275 


275 


temperature, 


Data on Pressing Plutonium Metal 


Comprehensive 
stress on actual time at 
area (psi) 


0 
39 ,000 
53,000 
74,, 000 

132,000 

283,000 


0 
176,000 
288,000 


O 
209,000 
528 ,000 
146,000 


0 
140,000 


0 
140,000 


pressure 


1 min. 
" " 
n n 


" " 


5 secs. 


] min. 
n n 


l min. 
" f 


Approximate Thickness 


(in.) 


0.053 max. 


0.011 
0.009 
0.0083 
0.0074 
0.0068 


0.025 
0.0165 
0.0135 


0.086 max. 


0.018 
0.015 


0.012 


0.029 


0.18 
0.052 





Area” 
(sq.in.) 


0.015 
0.019 
0.020 
0.022 
0.024 


0.019 


0.028 
0.035 


0.045 
0.057 
0.38 


0.62** 


0,62% 


+ values at zero pressure are only approximate in all cases except 2a 
due to irregular shape of piece, 


* calculated from weight of sample assuming density = 17.6 at pressing 
In runs #l, 2, 3, 4, the diameter of the disc formed 
was less than the die diameter. 


** In runs 5 and 6, with large amount of metal, the die was entirely 


II 


Cooled in die under pressure. 
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filled and gave beautifully coined pieces under conditions stated. 
Subsequent tests with 25 gram pieces show that pressures of the order 
of 20,000 psi only are needed for complete coining of pieces about 
0.08 inch thick. 


excellently coined pieces under readily obtainable working pressures. 
Hot pressing results in much lower oxidation losses than does hot 

rolling, and less danger of contamination of surrounding equipment and 

personnel. It is the preferred method for forming all but the thin 


sheets. 


Extrusion 


Plutonium wire of 0.020 inch diameter has been extruded by both 
direct (through fixed die base) and indirect (through moving plunger) 


extrusion. The pertinent data are: 


Direct Method Indirect Method 

Temperature 25090, (under mineral oil) 250°C.(under mineral oil) 
Pressure on plunger 350,000 psi 125,000 psi 
Plunger diameter 0.156 in. 0.160 in. 
Cone angle 909 -—— 

(edges rounded) 
Cone angle in die --- 120° 

(edges sharp) 
Length of 0.020 in.hole 0.03 in. 0.019 in. 
Rate of extrusion 0.06 in./min. ~0.5 in./min. 


Very little of metal charge 
left in die after extrusion. 
The big advantage in going to indirect extrusion will be noted, 
although some of this undoubtedly comes from the change in die design. 
It would not seem to be difficult to extrude any sections larger than 


this from the metal in question. 


Straightening 


The large density change in the beta - alpha transformation 
(7 per cent) causes severe warping of the rolled or pressed metal. 
Strips become wavy and, since they are brittle, cannot be straightened 
when cold. Flat discs become saucer shaped on cooling and may 
develop fine edge cracks which seem to arise after the piece is 
shaped and differ markedly from those that occur during rolling. 

To prevent or to correct the warping, it has been found necess- 
ary to cool under pressure from temperatures above the transforma- 
tion point. The pressures required are much less than those for 
the original pressing, but no study has yet been made of the minimal 
pressures which can be used either for thin foil or relatively thick 


sheets, 
Future Work on Fabrication 


The large density change accompanying the alpha - beta transform- 
ation means that the transformation temperature is highly sensitive to 
pressure. Reasonable assumptions regarding the heat of transformation 
indicate that the equilibrium temperature may be raised by at least 
100° to 200°c. at pressures of 150,000 psi, which could easily be 
achieved locally in die pressing and can presumably be reached and 
exceeded in rolling. Pressure induced transformation to brittle alpha 


may be a reason for cracking in the rolling operations. Because of 
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the importance of this effect, an attempt will be made to determine 
the influence of pressure on the transformation point, and to stucy 
the effect of rate of deformation on behavior, for slow deformations 
in the rolls may be necessary to prevent increase of resistance to 


flow to a point where the pressure may form alpha. 


SURFACE PROTECTION OF PLUTONIUM 


The behavior of unprotected plutonium under various atmospheric 
environments is described in Chapter IX. Plutonium cannot be left 
exposed to ordinary atmospheric &ttack without some form of protec- 
tion and an extended research into organic, inorganic and metal coat- 
ings is planned to provide both protection of the metal and the 
handling personnel. Only three possibly protective coatings have 
been tested up to the present owing to the lack of both materials and 
facilities. 

The coatings investigated include aluminum produced by evaporation 
to a thickness of about 0.00002 inch, and 0.0002 inch of electrodeposit- 
ed silver, and zinc. In each case the plutonium foil sample was 
cleaned anodically in & phosphoric acid-ethylene glycol bath (see 
Chapter IX) prior to coating. The samples were exposed to water 
saturated air at 259C. and to air of 7 per cent humidity at 50°C. The 
corrosion was followed by weighing the thin foils with a precision of 
3 micrograms. The results are depicted graphically in Figures VIII-l 
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Fig. VIII-1. Corrosion of Coated Plutonium at 50°C in Air - 
Humidity, 7 Per Cent 


#3, Uncoated; #12, Ag Electroplate; #18, Al Evaporated Coat. 
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Fig. VIII-2. Corrosion of Coated Plutonium at 25°C in Saturated Air 


#4, Uncoated; #20, Zn Electroplate 
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It will be observed that evaporated aluminum offers no protection 
at 50°C. end, while the silver deposit decreases the rate of oxidation 
slightly, the amount is not significant. Both coatings are eventually 
lifted from the base metal by the corrosion products. The zinc plated 
specimen was exposed at 100 per cent humidity and appeared to corrode 
more rapidly than an uncoated plutonium foil. It is not yet known 
whether this represents attack of the zinc or accelerated corrosion of 
the plutonium caused by the electrolytic couple. 

In general, corrosion of a metal surface can be prevented by an 
orgenic or metallic coating which is itself resistant and is completely 
continuous and free from pores, or by costing with a second metal which 
will undergo s&crificial corrosion and provide electrolytic protection 
even though small pores exist. It does not appear likely that the 
latter condition can be met with plutonium because of its electro- 
positive nature. A third avenue of approach lies in the production 
by chemical or electrochemical means of an insoluble and continuous 
film of a reaction product of the metal itself. It is planned to 
investigate all of the protection methods. Temporary protection, such 
as is required for storage and shipment, can be achieved by well known 


methods. 
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CHAPTER IX 





PROPERTIES OF PLUTONIUM METAL 


Since the methods which can be used successfully in handling and 
fabricating a metal are largely determined by its physical and chem- 
ical properties, every effort was made to obtain information on the 
essential properties of plutonium metsl as soon as even microgram 
amounts of the element were available. The results obtained in the 
preliminary estimation of these properties on a microgram or milli- 
gram scale were of necessity qualitative because of uncertainties 
concerning the purity of the metal and the difficulties inherent in 
micro-techniques. These preliminary values were revised from time 


to time as studies with larger quantities of metal became possible. 


CHEMICAL PROPERTIES 
The chemical reactions of metallic plutonium have been investi- 
gated only briefly in order to determine oxidation rates and to devise 
various means of removing the oxide without excessive loss of metal. 
The results that follow have for the most part been obtained with small 
quantities of electrolytically produced metal, but the data on anodic 


treatment have been checked with foil derived from bomb reduced metal. 


Chemical Reactions with Solutions 


Preliminary data on the rate and extent of chemical attack on plu- 


tonium metal by a variety of common reagents are summarized in Table IX-1. 
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Table IX-1. Reactions of Plutonium Metal with Reagents 





Reagent Remarks 





Water Reaction slow at room temperature, more rapid at 
elevated temperatures. 


Ammonium Fluoride Slow attack with darkening of the metal. 
(conc. aqueous sol!n) 


Ammonium Fluoride No attack at room temperature or on heating. 
(sat'd alcoholic soln) 


Nitric Acid No visible attack in any concentration over a 
period of hours. Specimen remained bright 
for at least 15 minutes. 


Hydrochloric Acid Vigorous attack in all concentrations, becoming 
violent at high concentrations. 


Sulfuric Acid Slow gas evolution in concentrated acid, 
reduced to zero in a few minutes. Moderate 
rate of solution in dilute acid. 


Acetic Acid No visible attack in glacial acid at low or 
elevated temperatures. Very slow attack in 
dilute acid. 


Perchloric Acid Fairly rapid solution in 72 per cent acid. 
Lactic Acid Mild attack. 
Phosphoric Acid Fairly rapid gas evolution in 85 per cent acid. 


Trichloroacetic Acid Vigorous attack in concentrated acid. 
Less rapid attack as the dilution increases. 


Sodium Hydroxide No visible attack in solutions containing 
100 grams per liter. 


Anodic Picklin 
Since it was not found possible to remove the oxide from plutonium 


by direct chemical reaction without also dissolving fairly large amounts 


so 


of the metal, anodic pickling in a variety of reagents was investigated. 
Only two baths which may be deemed satisfactory are known at present. 
The first, consisting of ethylene glycol and phosphoric acid dissolves 
the oxide and leaves the metal lustrous. The second, an aqueous 
solution of sodium cyanide dissolves the oxide, but the cleaned metal 
is dull. 

The phosphoric &cid solution may contain between 30 and 75 per cent 
by volume of 85 per cent phosphoric acid, equal volumes of the glycol 
and acid being preferred. The bath is operated at room temperature 
with platinum, tungsten or nickel cathodes at 3 to 6 volts. Removal 
of oxide usually requires approximately 3 minutes. The plutonium may 
be supported by a zack or basket. In the latter instance, tungsten 
gauze is preferred because its anodic passivity permits all of the 
current to be carried by the plutonium. The metal loss is naturally 
dependent upon the depth of the oxide layer. However, clean metal | 
suffers a loss of approximately 1.5 milligrams per square centimeter 
in 3 minutes. The bath appears quite stable and may be operated for 
periods of at least one month without serious decrease in the quality 
of the product. 

The characteristics of the sodium cyanide solution have been less 
well established. The concentration employed has been 100 grams per 
liter, and the cleaning is performed at room temperature and 2.5 to 3 
volts with nickel cathodes. The loss of clean metal in 3 minutes 
ranges from 0.8 milligrams per square centimeter at the lower to 2.2 


milligrams per square centimeter at the higher voltage. 
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The cleaning procedure has included the following steps: Degrease 
in a volatile solvent (petroleum naphtha); clean anodically for 3 min- 
utes; immerse in concentrated nitric acid for 15 seconds or as long as 
necessary to remove any anodic film; rinse in cold water; and finally, 


rinse in acetone and dry. 


Atmospheric Oxidation of Plutonium 


As soon as appreciable quantities of plutonium became available 
tests were initiated to determine the likelihood of corrosion and the 
possibility of its prevention. The metal used was in the form of 
hot rolled foil, approximately 0.002 inch thick, and its corrosion was 
followed by determining weight changes to a precision of 3 micrograns. 
The area usually exposed ranged from 1 to 2 square centimeters. 

The initial tests were aimed at learning the behavior of the 
metal in air at room temperature, at slightly elevated temperature, 
and in the presence of moisture. The results obtained are show 
graphically in Figures IX-1 and IX-2, and the average penetrations 
are given in Table IX-2. While it is likely that other specimens 
would not reproduce exactly the curves shown (compare specimens No. 1 
and No. 2), nevertheless, very definite conclusions may be reached: 

1. Plutonium may be exposed to room temperature and moderate 
humidities for long periods without appreciable corrosion. 

2. An increase in temperature produces a marked increase in the 
rate of oxidation even at low humidity. 


3. The attack by moisture is rapid even at low temperature. 
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Fig. IX-1. 


Corrosion of Plutonium at 25°C and 49% Humidity 
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Table IX-2. Average Penetration of Plutonium During Corrosion 





Spec- Exposure Conditions Wt. Gain Penetration Assuming Pu0s 
imen Per cent micrograms ~ IV 
No. 90. Rel.Humidity Hours per sq.cm. Microns Mils 

1 25 40 900 5 2x107? &x107^ 

2 25 40 900 70 27x107? 1x107? 

3 50 7 700 2800 11 0.4 

4 25 100 900 6500 25 1 


It is proposed to continue the investigation under a variety of 
conditions and with various methods of protection. A brief description 


of first attempts at such protection will be found in Chapter VIII. 


PHYSICAL PROPERTIES 
Allotropic Transformations 


Some of the early microgram to milligram samples of plutonium metal 
were submitted for X-ray diffraction examination in the hope that data 
could be obtained which would permit a calculation of the density. 
Attempts to submit the metal in the form of powder were unsuccessful, 
but fairly good diffraction photographs were obtained from flattened 
pieces of metal (50 micrograms end larger) and from metal filings. 

Metal formed by the reduction of PuF, with Ba in a ThO, crucible, and 
containing about 5 — cent of thorium, was found to be cubic with a 


lattice constant of 4.61 + 0.03 À and a calculated density of 16.1 + 0.4. 
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Later samples produced by the reduction of PuF, > PuF4 and PuCl3 with 
Ba, Ca, Li and Na in BeO crucibles showed a complex structure which 
could not be sufficiently elucidated to calculate the density. These 
results suggested the existence of two allotropic forms of the metal 
with a transition temperature not too far above room temperature. 
Later, the existence of at least four forms of the metal was demon- 
strated experimentally, and after gram samples of plutonium were avail- 
able a great deal of information about these forms and their allotropic 
transformation was rapidly obtained. 
By differential heating curves using one gram metal samples and 
heating at 9? per minute, distinct thermal arrests were observed at 
1379 + 69, 229° + 49, 3259 + 6°C. on metal samples reduced by three 
methods: (1) PuCl3 + Ca, (2) Pur, + Li, and (3) PuClz + Li. In add- 
ition, samples (2) and (3) gave arrests at 409° and still another at 
5449 + 10°c., both these points being observed on "as reduced" and on re- 
melted metal. Samples (1) and (3) gave arrests at 470° + 10°C. On cool- 
ing, the 4099, 470° and 54420, arrests occurred in samples (1) and (3) 
but none of the others. The apparatus had been checked with uranium, 
The three lower arrests, which are most important for fabrication 
purposes, supercool badly. The reverse transformation corresponding 
to the 137?C. point has been observed between 50° and 70°c. (see section 
on transformation rates). Without further study none of the tempera- 
tures given above may be accepted as true transformation temperatures. 
From a study of the rate of the alpha-*beta transformation, the true 


temperature is not over 115°C. While there is no doubt about the 


-379- 


existence of this lowest transformation which is accompanied by a large 
volume change and electrical resistance change, it is extremely doubtful 
that all the other arrests, six in number, which have been observed in 
the thermal curves, correspond to real transformations in pure metal. 

In the following table are summarized the phases which at present 
are believed to exist, together with some of their more notable charact- 
eristics. The presence of additional phases are indicated by thermal 


analysis but have not yet been confirmed by other methods. 


Table IX-3.  Allotropic Forms of Plutonium 


Phase Temperature Range Structure em/cc Properties 
f Existence at 25°. 
x R IT; 11590. Orthorhombic 19.8 Hard, rather brittle 
ñ 115° - 225%.2 Unknown 17.8 Medium hardness, malleable 
y 2259?- 310°C. Unknown ? Very soft and malleable 
£ 3109 - 485°C.?  Face-centered 16.0 Very soft 
cubic 
€ 48592— 99 Unknom ? ? 





Melting Point 


The melting point of plutonium metal proved difflcult to determine 
on a microgram scale. The metal is so active that even in a vacuum of 


107° 


mm. Hg a skin of the oxide, PuO or the nitride is formed which pre- 
vents distortion of the particle when the metal has melted. By flattening 


pieces of metal, shaping them in the form of "tents" and heating them in 


vacuo on an electrically heated strip of tantalum, it was possible to show, 
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first, that the melting point was below 1300°C., later, that it was below 
1100°c., and still later, that it was below 950 9C. By further refine- 
ment of this technique it was possible to show that the melting point was 
below 8106. Observations incidental to the electrolytic reduction of 
PuCl4 first indicated that the melting point was below 650°C. Finally, 
when larger quantities of metal were available, the melting point, deter- 
mined by thermal analysis, was found to he 627° + 5°C., the average of 
four determinations using plutonium made by reducing PuF, with Li and 


vacuum remelting in CeS. 


Density 


In addition to the previously mentioned X-ray diffraction density of 
16.1 + 0.4 for the cubic form of metallic plutonium, densities of a great 
variety of samples obtained in microgram to milligram scale reductions 
were Cetermined by the capillary displacement method. The first samples 
studied by this method, prepared by the reduction of PuF, with Ba in ThO5, 
had a density of 15.5. These samples weighed from 4 to 28 micrograms. 
Later, e density of 16.2 was obtained on a similarly prepared sample. 
Still later, densities in the range of 19.5 to 20.2 were obtained on 
samples of metal produced by the reduction of PuF3 with Ba in beryllia. 
A re-examination of the micro- and milligram work after the existence of 
allotropic modifications of plutonium was recognized, led to the estimate 
that the density of the high temperature form of the metal is 16.4 + 0.5, 
and of the low temperature alpha form is 19.5 + 0.5. 

Recent work on larger samples of metal of better known purity has 


yielded more precise values for the true densities of the alpha and beta 
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forms, and has led to a better understanding of the factors which may be 
responsible for variations in the observed densities of different speci- 
mens and of the same specimen when subjected to various treatments. An 
account of this work and the conclusions drawn therefrom ere given below. 

The true density of the alpha form of metal at 25°C. is believed to 
be 19.8 + 0.5. The observed density depends not only on the presence 
of impurities and voids in the usual manner but also upon the complete- 
ness of the transformation to the stable alpha form, which reflects the 
thermal and mechanical history of the sample. On freshly reduced buttons 
weighing 6 to 8 grams, densities of about 18.9 are usually observed, and 
on a smaller scale, values vary from 17.5 to 19.5. On material after hot 
rolling or hot pressing, the densities are ordinarily above 19.5. When 
the transformation from the high temperature form is completed by holding 
at around 50°C., the density subsequently measured at 25°C. is 19.8. On 
a hot pressed disc, & density of 19.86 was obtained. A cold forged 
specimen also gave 19.8. 

In one set of volume versus temperature measurements, the density of 


the alpha form decreased 4.3 x 1077 gms per cm? 


2 


per °c. In a somewhat 
less satisfactory experiment, 2.9 x 10 ^ was obtained. These values are 
abnormally high in comparison with other metals. 

For the beta phase, the only available density value is 17.8, obtained 
by extrapolation to room temperature of volume measurements made above 120°c. 
The density of the beta form decreases 1.6 x 10”? gms per cm? per "Dh 

An early one gram sample containing sufficient impurity to retard 


transformation at room temperatures when quenched from various temperatures 


had densities ranging from 15.8 to 19.1 (see Figure IX-6). After annealing 
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at 400°C. four times in succession, the densities measured were respect- 
ively 16.2, 15.9, 15.8, 15.8, in that order. This suggests that there 
is a phase of this density stable around 400°C. 

One of the high temperature forms (easily obtainable at room temp- 
erature by alloying and rapid cooling, but not by rapid cooling alone) 
has a density of 16.4 + 0.5. At present it is thought that this is the 
delta form stable above about 310°C. 

Samples of a plutonium alloy containing 0.5 to 2.0 atomic per cent 
aluminum when quenched from 330°C. have had densities of about 15.8. 


This is believed to represent the gamma phase. 


Coefficient of Thermal Expansion 


This was determined first by a volume dilatometer in which a sample 
of 1.2 grams was enclosed in a bulb barely large enough to contain it, 
which in turn was sealed to a fine capillary. The assembly was filled 
to a point on the capillery with normal hexadecane (B.P. 287°C.), evac- 
uated and sealed off. It was heated in a tube through which hot oil 
circulated, and the meniscus height observed by a measuring microscope 
sensitive to O.Ol mm. The thermal expansion of the oil in glass was 
similarly measured over the temperature range involved. A typical curve 
is shown in Figure IX-3. From the volume changes observed at a number 
of different temperatures, the temperature dependence of the specific 
volume and of the density was calculated by the method of least squares. 
From these values the linear coefficient of thermal expansion was cal- 
culated. Two measurements for the alpha phase were obtained — 


6 


74 x 1076 and 48 x 10 per degree centigrade — the lower value being 
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Temperature, °C. 


Volume as a Function of Temperature -- Plutonium Metal. 


Fig. IX-3. 


somewhat less satisfactory. The value for the beta phase was 3l x 10° 
per degree centigrade, although direct measurements of linear coefficients 
in a dilatometer indicated rather higher values. 

Direct determination of the linear coefficient was made over the temp- 
erature range of about 2° to 86°C. with a device based on the Tuckerman 
strein gauge using a gauge length of 0.27 inches. The value for the alpha 


-6 


form found was 52 x 10 ~ per degree centigrade. The exceptionally high 


value is again to be noted. Dilatometric measurements on another sample 


6 


gave a value of 53.8 x 10 " for the range 309 to 90°c. 


Transformation Rates 


Transformation rates of the reaction 
Plutonium (alpha) => Plutonium (beta) 

have been determined in the volume dilatometer described in the section 
on thermal expansion. The phenomena are as yet too complicated to be 
fully understood. The available information was all obtained on a single 
sample of metal, and is too uncertain to justify citation of quantitative 
values. Figure IX-4 gives some of the results on this specimen. The 
change of volume is on an arbitrary scale; the relation between the dens- 
ity of the sample and the true density being unknown, values in terms of 
percentage transformed could not be calculated. 

A quartz rod dilatometer to measure dimensional changes on a 1/10000 
inch dial gauge was constructed. A typical curve showing hysteresis in 
the alpha-beta transformation is given in Figure IX-4a. The lack of 
complete return at room temperature may be due to incomplete conversion 


or to residual slight changes in shape of the piece. 
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Fig. IX-4a. Length Changes of Plutonium on Heating and Cooling. 
Sample 5437-3 MgO 

Weight = 0.961 gram. 

Heisht of specimen = 0.154 inch. 

Original density = 19.57 


Heating rate at transformation = 1.590. ner minute 
Cooling rate at transformation = 1.1°C. ver minute 
Dec. 16, 1944. 

Exp. coeff. & (30 - 90°C.) 
Exp. coeff. B (150- 60°c.) 


53.8x1079 
70.8x10-9 
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The following conclusions have been drawn: 

l. The transformation in either direction is typical of nucleation- 
grain growth phenomena; the characteristic S-shaped volume change versus 
time curves were obtained. 

2. The rate of the transformation alpha—»bete increases very repid- 
ly as the temperature increases above about 110? to 114%c. At 115%., 
ebout 6 hours was required for transformation from 20 to 90 per cent; at 
135?c., about one minute. Curves A, B and C in Figure IX-4 are typical. 

3. The rate of transformation beta— alpha is extremely slow above 
70%. The temperature for maximum rate varies with different specimens 
and appears to depend on the amount and character of impurities present 
and possibly upon previous thermal and mechanical treatment. The purer 
samples seem to transform rapidly at temperatures between 40? and 60°C. 
on cooling at normal rates. Curve D in Figure IX-4 is typical. 

4. It appears that if large amount of beta phase is present at room 
temperature, further transformation as shown by density increase takes ' 
place slowly at liquid nitrogen temperature. 

5. The amount of beta phase remaining probably depends largely on 
the time the sample was in the temperature range 40° to 60°C., but some 
samples which have been cooled too rapidly from 100°C. to room temperature 
and failed to change to alpha immediately, partially transformed after 
standing several hours. 

6. The low density beta form has been retained by rapid cooling in 
a few cases, but such samples had been made by reduction in BeO crucibles 
and contained 20 to 40 ppm of Be, together with small amounts of Li and Al. 


As in many other transformations the rate is evidently sensitive to very 
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small concentrations of certain impurities. Since reductions by Li in 
BeO crucibles were discontinued, no pure sample has been made which 


permanently remained in the low density form. 
Electrical Resistance 


Two samples of extruded plutonium wire, heat treated to consist pre- 
dominantly, if not entirely, of alphe at room temperatures, were found to 
have electrical resistivities of 150 and 156 microhm-cm. at 25°C. This 
figure is very high for a pure metallic element, the highest previously 
known being bismuth with a resistivity of 115 microhm-cm. 

The resistance of a piece of 0.020 inch wire was measured as a function 
of temperature by the potentiometric method. The distance between contacts 
was 0.88 inch. The mounting for the sample and thermocouple vas enclosed 
in a Pyrex tube attached to a diffusion pump; the system was held at about 
107? mm. pressure. The purpose of these measurements was to investigate 
the transformation points and, due to unknown dimensional changes during 
the transformations, accurate specific resistances could not be calculated. 
Approximate values in microhm-cm. determined from the results in Figure 
IX-4b are: 25°, 150; 1109, 145; 130? to 305°, 110; 314°, 102; 460°, 109. 
At the highest temperature reached (about 480°C.), the potential contact 
was broken and measurements Ceased. The wire was considerably deformed 
at the end of the experiment. 

The results are given in Figure IX-4b. The individual points fell 
very close to lines drawn. Section A is in the alpha phase region. The 
negative coefficient of resistance may be due to partial transformation of 


residual beta to alpha but it is reproducible on cooling from 110°C. and 
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is probably a true characteristic of the phase. 

The decrease in resistance through the 115°C. transformation point 
is remarkably large. Over the temperature range 130° to 305°C., the 
behavior was anomalous. The measurements within this range were irregular 
in sequence and the points fell mostly on either the upper or lower lines 
of Section B, with few between. The results suggest that two phases 
exist in this region with relatively slow transformation rates. This is 
consistent with the results of the thermal analysis. 

The sharp drop between 305° and 314°C. and the positive slope of the 
resistance-temperature curve in Section C indicates a stable phase (4 ?) 
in the region from about 310°C. up to at least 460°C., the upper temper- 


atvre covered by the measurements. 


Magnetic_Properties 


Plutonium is not ferromagnetic. A one gram piece of alpha plutonium 
suspended on a fine silk fiber was entirely indifferent to a strong Alnico 
magnet either at room temperature or immediately after immersion in liquid 


air. 


Other Physical Properties 


Yapor Pressure and Heat of Vaporization.-- Preliminary values for the 


vapor pressure of plutonium metal have been obtained over the temperature 
range from 1300? to 1650°K by use of the orifice effusion method. In 
essence the apparatus consisted of a Pyrex vacuum envelope containing the 


following: (1) a tantalum oven having a small effusion orifice about 0.15 


mm. in diameter; (2) a collimating slit several centimeters above the 
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p and (3) a liquid air cooled target plate above the collimator. 
Methods were provided for exposing the target to the molecular beam for 
a given time at a known temperature, and then for replacing the exposed 
target by a new one without breaking the vacuum or cooling the furnace. 
Approximately fifty targets were loaded into the apparatus &t & time; 

any desired number of exposed targets could be removed from the appar- 
atus by the simple process of sealing off & constriction in a Pyrex tube. 
The weight of the deposit on & target was determined by counting its 
alpha particle activity. 

Considerable difficulty was experienced in measuring the vapor press- 
ure of plutonium metal because of its tendency to creep on the hot metal 
surfaces and because of its ease of oxidation. Although other measure- 
ments are being made in an effort to obtain more reliable values, the 


best data to date are listed in Table IX-4. 


Table IX-4. Vapor Pressures of Plutonium Metal 


Temperature Vapor Pressure 
°K mm. of Hg x 106 

1300 Rech 

1350 7.33 

1400 22.1 

1450 61.5 

1500 160. 

1550 293. 

1600 909. 

1650 2000. 
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From these data one obtains the vapor pressure equation 
log]. p(mm Hg) = 8.27 - 18,100/T 
where T represents the temperature in degrees Kelvin. These data 
yield a heat of vaporization of 82.8 + 3.0 kilocalories per mol for 


liquid plutonium in the temperature range investigated. 


Optical Properties and Ionization Potential.-- A plutonium 
mirror deposited on Pyrex looks very much like iron. Its reflect- 
ivity at 0.6544. is 0.572 and there is no marked selective absorption 
in the visible region. 

Plutonium atoms do not ionize on a hot oxide coated tungsten 
surface, therefore the ionization potential is larger than the work 
function of such a surface, namely, 6.2 volts. From considerations 
of its probable electronic structure and the ionization potentials 
of other electronically similar substances, it is concluded that 


plutonium has an ionization potential of 6.55 volts. 


MECHANICAL PROPERTIES 


Yield Strength in Compression 


Yield strength in compression has been measured on only one sample, 
fortunately an early one gram piece made by Li reduction in a BeO 
crucible in which the low density, ductile beta form was retained at 
room temperature. At the time, nothing was known about the existence 
of the transformation and it is not known definitely what structure 


the specimen possessed at the time of testing. 
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Measurements were made on a cylindrical specimen weighing about 
one gram. A special jig was built on which the movement of a tungsten 
carbide tipped plunger was measured by two Tuckerman gauges placed 
diametrically to average asymmetry of compression. The measured 
strains include some elastic deformation in the jig and, although the 
readings were corrected on the basis of a "blank" run with a similar 
size steel specimen, the modulus values are unreliable. Determin- 
ations on other metals showed that yield strength values determined 
by the standard offset method were reliable. 

The remelted sample No. 1660 (see section on hardness) was cold 
pressed in & sizing die to 195,000 psi, after which its density was 
18.4 and hardness (Eberbach DPN) 200. It was then annealed for one- 
half hour at 400°C. and slowly cooled. The hardness was then 89. 
Unfortunately, the density was not measured but there was no measur- 
able change in dimensions before and after annealing and cooling, and 
if the low density form had persisted down to room temperature the 
dimensional change would have been easily found. After an obvious 
"setting" deformation, the stress-strain curve (Figure IX-5, curve 1) 
was a well defined straight line up to about 60,000 lbs., the "pro- 
portional limit", and then curved gradually. The yield strength 
(0.2 per cent offset) was about 77,000 psi; the specimen did not 
fracture under 100,000 psi. The figures on this sample probably 
relate chiefly to the alpha form mixed with some unconverted beta, 


for alpha is now known to be exceedingly brittle. 
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After several intervening heat treatments, the same sample was 
again heated to 400°C. and air cooled, after which the density was 
15.8, an unaccountably low value, and certainly indicates that either 
the beta or another high temperature form was retained. This time 
the yield strength was extremely low and measurable plastic deform- 
ation occurred even at 3,000 psi. A yield strength of 2,000 psi wes 
suggested (Figure IX-5, curve 2). 

These values are reported as the only ones available. In both 
tests the uncertainty as to just what allotropic form or forms the 
sample was in necessitates caution in the use of the values. Later 
observations show that the alpha form is definitely brittle, and the 


bete and gamma forms are relatively soft. 
Hardness 


Hardness measurements were made on many of the metal samples 
produced on the micro- and milligram scale using the Eberbach diamond 
pyramid apparatus: values ranging all the way from 70 to 300 (DPN) 
were obtained. After the existence of allotropic forms of plutonium 
was recognized, a re-examination of the data led to the conclusion 
that the hardness of the lower density form was about like that of 
copper, while the hardness of the higher density alpha form resembled 
that of uranium. These preliminary tests also indicated that alloy- 
ing plutonium with other elements may cause & pronounced effect on 


the hardness. 
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The interpretation of the hardness values obtained on larger 
samples of plutonium metal is handicapped for the same reasons as 
for the density values, namely, all the available measurements were 
made before there wes sufficient knowledge of the transformation 
points and rates to be able to prepare samples which contained only 
one phase and were free from internal strains due to transformation 
and to cold work. For these reasons it is not possible to give 
true hardness values for either alpha or beta phases. However, 
the following measurements give an idea of the variation in micro- 
hardness as measured by an Eberbach diamond pyramid apparatus. 

Sample 1660 was one gram of metal reduced by Li in a BeO cruc- 
ible. After remelting, it contained 30 to 40 ppm of Be, 20 to 30 
ppm of Li, and about 100 ppm of Al ss the most significant spectro- 
scopically determined impurities after remelting in CeS. This 
sample was used for the yield strength tests. Hardness and density 


values after various treatments (shown in Figure IX-6) were as follows: 


Density Hardness 
After annealing, compressing in sizing 


die, and immersion in liq. N, for 45 min. 19.0 316 
Annealed 111° for 30 min. 19.1 290 
Annealed 185° for 30 min. 16.5 76 
Annealed 3029 for 30 min. 16.1 35 
Annealed 410° for 30 min. 15.8 31 
Annealed 490? for 30 min. 16.3 47 
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Density and Hardness of Plutonium as Function of Temperature 


Fig. IX-6. 


From the results in the section on allotropic modifications it is 
not unlikely that each of these annealing temperatures is in a differ- 
ent phase region. The low values of the initial sample in relation to 
the presumable value of 19.8 is probably due to retained beta phase or 
to impurities. The low value after the 185°C. anneal in relation to 
17.8, the ideal beta phase density, may have been due to internal cracks 
forming during the transformation or to impurities. The metal in the 
state stable above 115?c., and in this sample retained by quenching, is 
quite soft as is very clearly shown by tne working properties. 

Sample 5010 was a Ca reduction in an MgO crucible. Li, Be and 
Al were below the spectroscopic detection limits and the Be was less 
than 0.5 ppm. This was a large (9.3 gram) reduction, and its density 


and hardness were as follows: 


Density Hardness 
(1) Original ingot 18.9 288 
(2) Cold rolled, cracked at 12 per cent -— 356 
(3) Remelted in CeS 18.90 254, 
(4) Annealed at 105°C. 18.97 230 
(5) Cold rolled, cracked at 4 per cent 18.90 320 
(6) Annealed at 400°C. 18.60 217 
(7) Cold rolled, cracked at 26 per cent 19.5 (?) 221 (?) 
(3) After (5), pressed at 200°C. 19.6 402 
(9) Remelted in MgO 18.9 206 


The range of densities in comparison with Sample 1660 is relatively 


narrow. There is no obvious correlation between density and hardness 
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values, but cold work (2) (5) clearly increase the hardness and, 
apparently, internal strains from the transformation (8) likewise. 
Only a very small sample was used for the measurements in (7) and 


they are not considered reliable. 


METALLOGRAPHY OF PLUTONIUM 


Specimen Preparation 


The specimens of plutonium usually available for metallographic 
examination are, for obvious reasons, necessarily small in size. This 
circunstance requires a more or less special mounting technique for 
ultimate ease in handling the specimen during subsequent metallographic 
preparation. Furthermore, the ordinary grinding and polishing methods 
used so aptly for other metallic specimens are not at all suitable for 
plutonium preparation. Experience has shown that plutonium metal is 
attacked by ordinary water. Perhaps of greater importance, from a 
metallographic standpoint, is the fact that many secondary structural 
phases and inclusions are even more readily attacked by this medium 
and in some cases by certain oils. Thus, it has been necessary to de- 
vise specialized techniques for the preparation of plutonium metal, 
particularly the polishing operation, to ensure an accurate picture of 
the structural characteristics. 

Mounting of Plutonium Metal.-- The plastics commonly used for 
mounting in metallographic work, i.e., Bakelite, Lucite, Tenite, etc., 


are not satisfactory plastics for mounting plutonium, The temperature 
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and pressure required for proper molding of these materials may affect 
deleteriously tne structure of plutonium. Likewise, clamps or other 
mechanical holding arrangements are not desirable because of the 
usual debris clinging in cracks and crevices after preparation which 
presents a serious health hazard when such a mount is handled in the 
open. 

Satisfactory mounting of plutonium metal can be secured with a 
room temperature casting plastic - Catabond No. 700 - to which is added, 
just before casting, about 25 per cent by volume of Catabond accelerator 
No. 5. Although this mixture is acidic in character, experience indi- 
cates that no visible corrosion or attack takes place either during or 
after the plastic has set. 

The technique of mounting plutonium metal in Catabond is relatively 
simple and the procedure is similar to that followed in mounting more 
common metals in sulfur, low melting point alloys, etc. Two brass rings, 
approximately 3/4 in. ID x 5/8 in., and 3/16 in. x 1/4 in., respectively, 
are placed concentrically with their edges in contact with a glass plate. 
The specimen of plutonium is then placed carefully within the center 
ring, and a freshly prepared Catabond mixture is cast into the outer 
ring, thus filling up the mold. To secure tight bonding between the 
plastic and brass retaining ring, a series of small holes are drilled 
through the wall. Figure IX-7 shows a complete mount and the component 


parts making up the assembly. 
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ig. IX-'7. Mounting Plutonium in Catabond. 
(13x) 
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Approximately 12 hours are required for the Catabond to become 
completely set. During this time, however, there is a tendency for 
the plastic to shrink and become loose from the retaining ring. This 
condition can be mitigated by iuoorpopéting a small quantity of binder 
with the Catabond, such as powdered mica or preferably, finely ground 
Bakelite powder. Completely set Catabond is relatively soft, but 
this circumstence is not objectionable provided sufficient care is 
exercised with the mount during subsequent grinding and polishing. 

Grinding the Specimen.-— Because of the health hazard involved with 
plutonium metel dust, it is imperative that all grinding operations be 
carried out in a suitably designed dry box. The present practice is 
to carry out the entire preparation procedure in & dry box, although 
the polishing operations to be described can be done in open polishing 
laps provided that the technician wears a gown, respirator and rubber 
gloves, and takes other reasonable precautions. 

The technique of hand grinding is similar in part to that employed 
in the metallographic preparation of other metals. Flattening of the 
specimen and mount can effectively be attained by hand grinding on a 
relatively coarse emery paper, e.g., No. l Behr-Manning, backed with a 
clean and smooth sheet of plate glass. The paper is lubricated with 
kerosene, and grinding is continued until the desired flat surface is 
obtained. 

Subsequent grinding is &ccomplished on Behr-Manning papers Nos. 
1/0 and 2/0, respectively, each paper being appropriately lubricated 


with & small amount of kerosene. Because of the relative softness 
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of the Catabond mount, notwithstanding the brass retaining ring, the 
specimen will usually be slightly rounded at the edges after the 2/0 
emery paper grinding. This slight rounding can be eliminated in the 
fourth and last grinding operation which consists of grinding the 
specimen for a very short period of time on a rotating polishing lap 
covered with silk cloth, rotating at approximately 400 r.p.m. The 
abrasive used is a suspension of American Optical Co. Emery No. 305 
in a vehicle of three parts benzene and one part liquid petrolatum. 
The scratches produced on the surface of the specimen by the No. 305 
emery are extremely fine and uniform, requiring minimum polishing in 
the following operations. 

Needless to say, between each grinding operation the specimen and 
mount must be thoroughly cleansed of adhering debris. This is readily 
accomplished by washing in absolute alcohol, never in water or aqueous 
solutions of any kind. 

Mechanical Polishing of the Specimen.-- Final polishing is perhaps 
the most critical operation of the whole preparation procedure. Certain 
inclusions and second phase constituents yet to be identified are easily 
removed by improper technique, and many such inclusions are attacked 
both by water and certain oils, e.g., cedar oil. Best polishing results 
can be obtained only when the specimen is polished for a minimum length 
of time, since prolonged polishing produces a surface condition on the 
specimen that is entirely false and consequently leads to confusion 


when interpreting the structure. 
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Polishing in the conventional manner, i.e., with a deep piled cloth 
and a water suspension of levigated alumina, removes quite completely 
inclusions present in the metal. This resulting condition is shown in 
Figure a Likewise, polishing for an extended period of time or 
on a warm polishing cloth produces a gray colored, partly discontinuous 
film of what is believed to be disturbed metal. This surface condition, 
illustrated in Figure IX-9, is solely a function of the polishing time 
and condition of the cloth, and is in no way attributable to the polish- 
ing abrasive or vehicle used. 

Because the retention of inclusions and other phases in plutonium 
is of paramount importance for proper identification, it becomes nec- 
essary to devise a special polishing technique to obtain a properly 
prepared surface. The technique finally arrived at consists of 
polishing the specimen on a rotating lap free from excessive vibration, 
and rotating at approximately 400 r.p.m. Best results so far have been 
obtained with Buehler Mira Cloth which is a moderately deep piled polish- 
ing cloth. 

From the standpoint of eii retention, an abrasive of either 
Baker's tin oxide (Sn05) or, preferably, Merck's heavy magnesium oxide has 
yielded good results. The abrasive vehicle recommended is & solution con- 


sisting of nine parts of absolute alcohol and one part of castor oil. 


= Figures IX-8 to IX-11, inclusive, have been secured from the same 
specimen of plutonium, having the following chemical composition, 
expressed in parts ver million: Mg, 130; Ca, 200; Fe, — 200; 

Zr, N.D. «400, and Th, N.D. « 2000. 
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Fig. IX-8. 
Plutonium polished on a nap cloth using 


levigated alumina suspended in water. 
(Unetched. 1000 x) 
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Fig e IX-9 . 
Tllustrating a typical false surface 


produced on plutonium by prolonged polishing. 
(Unetched, 1000 x) 
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When either abrasive is used, a thin paste of the abrasive and vehicle 
is made directly on the cloth lap, and during polishing the clear sol- 
ution is added to the lap at appropriate intervels by means of a shaker 
bottle. Only enough solution should be added at any one time to keep 
the cloth continuously moist, never soaking wet. 

Figure IX-10-A illustrates the surface condition of plutonium 
"as polished" with tin oxide. The inclusion retention is quite satis- 
factory but the matrix is somewhat pitted, masking in part structural 
characteristics, particularly insoluble phases that should be apparent 
without etching (see Figure IX-11). The pitted matrix is a natural 
consequence of using tin oxide, since it behaves similarly when used 
in polishing more common metals. 

To illustrate the apparent solubility in certain oils of the un- 
identified inclusions shown in Figure IX-10-A, Figure IX-10-B shows 
the results of the specimen surface being in contact with immersion 
cedar oil for approximately 20 minutes. It should not be inferred 
that this occurs with all oils, since the liquid petrolatum and castor 
oil used respectively in tne grinding and polishing operations show 
no apparent attack on the inclusions; hence they can be used with 
assurance for the purpose described. 

The use of Merck's heavy magnesium oxide as a polishing abrasive 
produces a relatively clean matrix, and retains inclusions equally as 
well as when tin oxide is used. Although the inclusion retention 


shown in Figure IX-11 does not appear to be too satisfactory, repeated 
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AN 


A. Photographed with oil immersion 
objective immediately after polishing. 





B. Photographed after immersion oil 
was in contact with specimen surface 
for approximately 20 minutes. 


Fig. IX-10. Plutonium polished on a nap cloth using tin oxide 


as the polishing abrasive and a vehicle of 9 parts absolute 
alcohol - 1 part castor oil. (Unetched - 1000x) 
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Fig @ IX-11 e 


Plutonium polished on nap cloth 


(Merck's Heavy MgO Abrasive and 9:1 
absolute alcohol-castor oil vehicle). 


(Unetched. 1000 x) 


-1109- 


trials indicate that in this particular case partial removal is attribut- 
able to excessive polishing and too heavy contact pressure between the 
specimen and lap. 

It is significant to note in Figure IX-11 that an acicular gray phase 
has been revealed in the "as polished" condition which was entirely absent 
in the structure when prepared with tin oxide. This phase is real, al- 
though not identified at this time, and is not the beginning stages of the 
false structures shown in Figure IX-9. 

Washing of the specimen to remove adhering abrasive after polishing 
is best carried out with absolute alcohol, followed by drying the speci- 
men in a gentle stream of air. Hot air is not recommended because of 


the danger of excessive oxidation of the surface. 


Etching of Plutonium Metal 


Approximately sixty reagents of simole and complex nature have been 
used in an attempt to successfully etch pure plutonium metal for micro- 
scopic examination. Many of these reagents tried consisted of solutions 
containing organic and inorganic acids; and aqueous, alcoholic and acidic 
mixtures of cyanides, fluorides, chlorides, phosphates, oxalates, etc. 
Unfortunately, not one of these reagents proved satisfactory. Either the 
solutions stained and/or pitted the metal so badly that observation of 
the structure was impossible, or the reagents failed to attack the metal 
sufficiently to reveal any structure. 

Concerning alloys of plutonium so far examined, little difficulty 
was experienced in achieving a suitable etch for those showing definite 


two-phase structures. One reagent that has proven successful consists 
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of 2 per cent tetraphosphoric acid (HgP,013), 10 per cent water, and 
88 per cent ethyl alcohol. This solution is used for electrolytic 
etching at ordinary temperatures and at a current density of about 


900 ma/in.^, 2-4 volts. 


Structure of Plutonium Alloys 


To date, about fourteen alloys of plutonium have been examined 
metallographically, but it is impossible at this time to offer unequiv- 
ocal identification of the inclusions and other phases present in the 
structure. 

Of particular interest is an alloy containing 0.49 atomic per cent 
of uranium, shown in Figure IX-12. It is believed that this particular 
alloy shows at least two allotrovic modifications of plutonium. Although 
not shown clearly in the photomicrographs, the phase containing the 
banded precipitate appeared under direct microscopic examination to be 
more specular in appearance than the other major phase. 

An alloy containing 0.5 atomic per cent of aluminum is shown in 
Figures IX-13. The dark, reed shaped constituent, of unknown identity -- 
but probably a Pu-Al compound -- is resolvable at high magnification 
(see Figure IX-13B), and the shape and distribution of this phase 


suggests a grain boundary precipitation phenomenon. 
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CHAPTER X 


RECOVERY OF PLUTONIUM FOR RE-USE 


The problems involved in the recovery of plutonium for re-use 
differ from those encountered in the production of pure compounds of 
plutonium (Chapter V) because recovery involves the separation of small 
amounts of the element from relatively large amounts of many other 
elements. Furthermore, whereas the number of impurities in the product 
received from the production plants is limited, the impurities present 
in materials returned for plutonium recovery are extremely diverse in 
character and vary greatly depending upon the tyoe of process or exper- 
iment in which the plutonium has been used. 

The recovery of plutonium will continue to be an important activity 
because the great value of the element makes its recovery profitable even 
from lean wastes. Efficient recovery processes have been of prime im- 
portance to the Project from the start because it was only by the effic- 
ient and prompt recovery of product that it was possible to do the nec- 
essary amount of research and development work with the very limited 
amount of plutonium which was available. 

The recovery problem was somewhat different on the Chicago Projects 
than at Los Alamos. At the former locations most experimental work was 
carried out on the tracer, microgram and milligram scales and a small 
scale recovery scheme was required. At the latter, work in general 
began on the milligram scale and developed to the gram or ten gram and 


higher scale. Furthermore, much of the small scale work on the Chicago 


le 


Projects involved studies on plant process steps, and the recovery of 
product after these experiments frequently involved separations from 
radioactive materials, a problem which was not encountered in the re- 
covery of plutonium from the larger scale operations at Los Alamos. 

For these reasons it seems advisable to give separate accounts of the 
recovery schemes which were evolved to meet these two quite different 
situations, rather than to attempt the presentation of & single recovery 


scheme which might meet all requirements. 
SMALL SCALE RECOVERY OF PLUTONIUM 


Recovery procedures consist essentially of isolating plutonium 
from the main bulk of foreign materials, concentrating to a relatively 
small volume, and finally purifying. A large variety of both organic 
and inorganic contaminating substances are encountered in solids and 
solutions accumulated as the result of experimental operations. Organic 
materials are usually removed first, then uranium, thorium, or other 
radioactive ions, and finally cations such as bismuth, lanthanum, zir- 


conium, calcium and others. 


Seperation from Impurities 


Destruction of Organic Material.-- Filter paper, organic precipi- 
tating or complexing agents, and materials of similar nature are destroy- 
ed by boiling with concentrated HNO, or a mixture of HNO 3 and H250, » 
Frequently, the addition of H505 or "Superoxol" aids in effecting final 


clarification of the solution. Boiling or heating should be conducted 
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in glass retorts with the outlet tube held in a container connected 
with an aspirator or other device provided for carrying away the vapors. 
In any event, spray from these solutions must not be allowed to escape 
into the room since it constitutes a serious physiological hazard. 
Separation from Uranium and Fission Products.-- Solutions submitted 
for recovery frequently contain appreciable quantities of uranium and 
fission products. Radioactive isotopes of elements having atomic 
numbers from 34 to 60 comprise the greater part of the fission products 
and important among these are cerium, zirconium, strontium, yttrium and 
colunbium. All of these emit beta particles accompanied for the most 
part by gamma radiation. Adequate protection against these physio- 
logically dangerous radiations must be provided by the use of lead 
shielding, leaded gloves, and restricted periods of exposure. The 
necessity for extreme caution in handling such materials is apparent. 
One or two BiPO, "cycles" constitute the most satisfactory method 
of eliminating uranium and fission products. The plutonium-containing 
solution is made 5 M in HNO, and plutonium is oxidized to the plutonyl 
form by adding solid NaBi03 to 0.01 molar and making the solution 
0.002 M in NagCr207.- The solution is stirred for one hour and Bi(NO3), 


3 is 2.5 grams per liter. Upon 


added until the concentration of Bi* 
making the solution 0.6 M in H3P0,, while stirring a precipitate of 
BiPO, is formed which is quite free of plutonium and is referred to as 
a "by-product" precipitate. The precipitate is centrifuged off, washed 


twice with water and discarded. A considerable quantity of fission 


products is carried away with the residue. 
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Sulfur dioxide is bubbled slowly into the centrifugate until the 
reduction of the Cro07 is complete as evidenced by a color change. 
If the reduction is stopped at this point, plutonium is reduced to 
Pu(IV) or Pu(III) and most of the uranium remains in the uranyl form. 
Other reducing agents which may be used quite effectively include 
NaNO2, NHoOH, NoH, and Ho02. Next, 2.5 grams per liter of Bit? are 
added slowly while stirring the solution and & precipitate of BiPO, 
is formed which carries reduced plutonium with it and is called a 
"product" precipitate. The precipitate is centrifuged, washed twice 
with water or dilute HNO3, end finally dissolved in 10 M HNO3 e The 
resulting solution is diluted until the HNO, concentration is 5 molar, 
reduced with a small amount of 505, and sufficient lanthanum ammonium 
nitrate solution is added to provide O.l to 0.3 gram of Lat? per liter. 
While stirring the solution mechanically, hydrofluoric acid is added 
in three portions at 20 minute intervals until a concentration of 1.5 
molar is reached. Stirring is continued for one-half hour after the 
final addition of acid, then the precipitate is centrifuged and washed 
twice with 0.5 M HNO,. Alternatively, the plutonium may first be 
oxidized and a by-product BiPO, precipitate formed by adding H3PO, . 

This is washed with 0.5 M HNO, and the washings added to the supernetant. 
After reduction with sulfur dioxide or other reducing agent, the plu- 
tonium is then carried down with a LaF3 product precipitate. 

The Lak, product precipitate should contain from 95 to 99 per cent 
of the original plutonium and be quite free from uranium. The amount 


of fission products remaining will depend upon the original quantity 
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present but generally such materials are quite completely eliminated. 
Treatment of the LaF, precipitate with an HNO, solution of zirconyl 
nitrate results in producing a clear solution which is ready for the 
final isolation and purification process which is described later. 

Separation from Bi, Ni, Fe, Ca ana the Alkali NMetals.-- If 
previous treatment for removing uranium has been required, only small 
amounts of these elements will still be associated with the plutonium. 
However, if the solution as received contains appreciable quantities 
of the elements listed above and little or no uranium, the plutonium 
must be carried out of a nitric acid solution with LaF’. This is 
best accomplished from a 1.0 M HNO3 solution containing 0.1 to 0.3 gram 
per liter of Lat?. The solution is first reduced with sulfur dioxide; 
then it is stirred mechanically and made 1.0 M in HF by adding the 
required amount in three equal portions at intervals of about 20 min- 
utes. Stirring is continued for one-half hour after the final add- 
ition and the LaF4 product precipitate is centrifuged and washed twice 
with water. 

The LaF, product precipitate then may be carried through the 
isolation and purification process if the ratio of lanthanum to plu- 
tonium is not greater than 20 to 1l. Ir a larger amount of lanthanum 
is present, the excess must be reduced by use of additional LaF3 cycles. 

Removal of Cerium and Thorium.-- Many of the chemical properties 
of plutonium are similar to those of cerium and thorium, and for this 
reason separation from them is difficult. Lanthanum fluoride cycles 


are inefficient in separating plutonium from cerium and thorium because 
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the fluorides of these elements tend to carry plutonium out of oxidized 
solutions when a by-product precipitation is attempted and, of course, 
precipitate with the plutonium in a product precipitate. 

Satisfactory separation from thorium has been accomplished by 
precipitating NaUO  (C5H405) 3 with which the corresponding compound of 
Pu(VI) coprecipitates. After oxidizing an HNO, solution of plutonium 
with Na2Cr20» or KMnO,, the precipitation is made by adding a 
U02(C2H305), solution to the plutonium solution which is 4 M in NaNO,, 
l M in HC2H202 and 0.5 M in NaC5H30»5. 

Precipitation methods for effectively separating plutonium from 
cerium have not been completely developed. Solvent extraction methods 
using methyl isobutyl ketone for two or three successive extractions of 


plutonium give satisfactory separation. 


Concentration 


Concentration by Means of Lal, Cycles.— Reduction in volume and 
in the quantity of lanthanum associated with plutonium results from pre- 
cipitating LaF; from reducing and oxidizing solutions alternately. 
Plutonium(IV) is carried by LaF4 forming a "product precipitate"; Pu(VI) 
is not carried and La’; becomes a "by-product" precipitate. 

Starting with a plutonium solution containing an excess of lanthanum 
ion, the solution is made l M to 5 M in HNO 3 and Pu(IV) is oxidized to 
Pu(VI). Various oxidizing agents such as NaBiO4, Na2Cr20y, KMnO,, or 
Ag'" and S40. may be used. Oxidation at 60° to 80°C. by slowly adding 


8 
O.1 M KNnO, solution has been found most satisfactory. The reaction 
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proceeds rapidly and Mn formed as a reduction product from the KMnO, 
is largely removed with the by-product precipitate. While the solution 
is being stirred vigorously it is made l M in HF by adding the required 
quantity of HF in three portions at intervals of 20 to 30 minutes. 
Stirring is continued for 30 minutes after the final addition of HF. 
The precipitate is then centrifuged, washed twice with 0.5 M HNO3 and 
discarded. The supernatant solution should contain nearly all of the 
plutonium (confirmed by assay) in the oxidized state. A reducing agent 
such as S05, H20,, or NaNO is added to reduce the Pu(VI) to Pu(IV). 
Lanthanum ion (as lanthanum ammonium nitrate solution) is added with 
mechanical stirring in three portions at about 20 minute intervals, 
until from 0.1 to 0.3 gram of Lat? per liter has been added. Pluton- 
ium(IV) is carried down in the LaF4 "product" precipitate which is then 
centrifuged and washed twice with water. 

If an excessive amount of lanthanum carrier still remains, another 
LaFs "cycle" may be required. In order to bring the precipitate into 
solution, it is carried through a "metathesis" in which it is treated 
with 45 per cent K2003 and held at 90°C. for two hours while being 
vigorously stirred. Approximately 20 ml. of K5004 solution is used 
for each gram of Lats, Any insoluble material is centrifuged off and 
the supernatant solution is treated with lO per cent KOH solution to 
precipitate La (0H); and Pu(0H), which are thoroughly washed with dilute 
ammonia or water. The hydroxides are soluble in HNO3 e Since colloid- 
al dispersions of what appears to be an inert hydrous oxide of Pu(IV) 


are readily formed when Pu(OH), is treated with acid, it is desirable 
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that these "solutions" of the hydroxide be digested in about 5 M HNO, 
for two hours at 90°C. so that all of the plutonium is converted into 
the ionic form. 

After dissolution of the hydroxide, the HNO, concentration may be 
adjusted and the plutonium again oxidized to its highest oxidation 
state. A LaF; by-product precipitate is then formed and the cycle 
repeated as berore. Having reduced the lanthanum-to-plutonium ratio 
to perhaps lO to l or less, the material is in suitable condition for 
the isolation and purification process. 

A somewhat simpler and frequently equally effective way of bring- 
ing a Leaf, product precipitate into solution preparatory to a second 
cycle consists of treatment with a lO per cent solution of zirconyl 
nitrate in 2 M nitric acid. The LaF, precipitate dissolves due to 
the complexing action of zirconium on the fluoride ion. Potassium 
permanganate is added to the solution held at 609 to 70°C. in order 
to oxidize plutonium to the plutonyl form; then LaF3 is again precip- 
itated by diluting the solution and adding more hydrofluoric acid. 

The precipitate is centrifuged off, and the supernatant solution 
is reduced with sulfur dioxide or other reducing agent. Finally, a 
LaF4 product precipitate is thrown down from this solution by adding 
Lat? in portions while stirring, and the product precipitate is then 


ready for the isolation and purification process, 


Isolation and Purification 


Isolation and purification of plutonium has been accomplished by 


(1) a series of precipitations of the peroxide or (2) extraction of 
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the plutonium with an organic solvent from a solution prepared by diss- 
olving a LaF’; product precipitate with zirconyl nitrate solution. 

For recovery work the peroxide method is less generally applicable 
‚than the solvent extraction method. Ordinarily, additional LaF4 cycles 
are required to provide sufficient concentration of plutonium so that 
losses in the peroxide supernatants will not be excessive. Both zir- 
conium and iron interfere with the precipitation of the peroxide. Some 
impurities remain at a relatively high level in spite of repeated pre- 
cipitation so that a high degree of purity cannot always be obtained. 

Considered from the standpoints of yield and purity of recovered 
product, diethyl ether and methyl isobutyl ketone are equally efficient 
solvents for extracting plutonium. However, the hazardous nature of 
ether and the fact that it extracts the product only after it is oxidiz- 
ed to Pu(VI) results in a preference for methyl isobutyl ketone, which 
extrácts Pu(IV). 

The Peroxide Metnod.-- A Lak, product precipitate may be metathesized 
with K>C03, the resulting solution treated with KOH to precipitate 
La(0H)3 and Pu(OH),, and the hydroxides dissolved in HNO,. Alternative- 


ly the LaF, precipitate may be heated to fuming for several hours with 


3 
sulfuric acid in a platinum dish until conversion to the sulfate is 
complete, and this may then be dissolved in HNO^. Usually several 
treatments with H250; are required to accomplish complete conversion. 
In either case, it is necessary that the final volume of solution be 
relatively small and the concentration of plutonium be quite high in 


order to minimize loss due to the solubility of the peroxide (solubil- 


ity = ca. 100 mg. Pu/l.). 


Plutonium peroxide, Pu), may be precipitated satisfactorily from 


solutions containing as much as 25 grams of Lat? per liter. The HNO 


3 
concentration is adjusted to between 0.50 and 0.75 molar and 30 per cent 
Ho05 is added dropwise with stirring until the H202 concentration of the 
solution is between 5 and 10 per cent. It is then made 0.03 M in H507 
and stirred for two hours. After the solution has stood a few minutes, 
the precipitate is centrifuged and washed twice with 0.1 N HNO3, using 
the minimum quantity needed to effect solution. 

The acid concentration is again adjusted to from 0.50 to 0.75 molar 
and the peroxide is reprecipitated under the same conditions as before. 
After centrifugation and washing, the precipitate is dissolved in a small 
amount of HNO, and diluted as required to prepare a stock solution of 
99 per cent purity or better. 

Solvent Extraction with Diethyl Ether.— Treatment of a LaF’; product 
precipitate with zirconyl nitrate solution results in dissolution of the 
precipitate through the formation of the soluble complex ion, ZrPe . 
Both lanthanum and plutonium ions are then in solution along with a con- 
siderable quantity of nitrate ion. A weight ratio of zirconium to 
lanthanum of approximately 1.5 to 1 usually suffices to effect complete 
solution and frequently a much smaller quantity of zirconium is required. 
Preparatory to extraction HNO 3 is added to the solution and its concen- 
tration adjusted to approximately 2 molar. The solution is placed on a 
water bath and brought to 70° to 80%. It is maintained at this temper- 
ature while fairly concentrated (0.10 M) KMnO, solution is added dropwise 


with frequent stirring until a permanent pink color develops. The 
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addition of permanganate should require about 20 minutes. Plutoniun(IV) 
is oxidized to Pu(VI) which extracts readily into ether from an ammonium 
nitrate—-nitric acid solution, 

The solution of Pu(VI) is cooled to room temperature and solid NH,NO4 
is added in amount suificient to bring tne final salt concentration to 9 
molar. The resulting solution is held in a Pyrex Kjeldahl flask of such 
size that the solution occupies not over one-fourth the volume of the 
flask. Ether is added until the volume ratio of ether to solution is 
2 to l and the mixture is shaken vigorously for lO minutes by hand or in 
a mechanical shaker which operates horizontally with reciprocating motion. 
The shape of the Kjeldahl flask causes the solution to come upward along 
its sides and fall toward the center, thereby providing excellent mixing. 
Shaking is stopped and the flask allowed to stand for five minutes to 
permit separation of the phases. 

The flask is then immersed in a dry-ice-acetone or a dry-ice-alcohol 
freezing mixture and the aqueous phase is frozen. This permits pouring 
the ether layer onto a layer of pure water in another Kjeldahl flask. 
Plutonium is recovered from the transferred ether by shaking with water. 
The stripped ether is returned to the original flask after the recovery 
water layer has been frozen, thus completing one cycle. A second extract- 
ion is made as before and the solvent is again poured onto the recovery water 
layer and plutonium is extracted by the water. The aqueous phase is 
again frozen but this time the ether is poured onto a fresh water layer 
in a third flask. Any plutonium remaining in the ether is completely 


removed by the second recovery water. The ether is returned to the 


original salt solution and a third cycle is begun. After the aqueous 
layer has been frozen the ether is poured directly onto the second re- 
covery water and extracted as in the preceding cycle. Yields of the 
order of 95 to 98 per cent may be expected. 

Three cycles carried through as indicated above are considered to 
constitute a single extraction. It is necessary to add small amounts 
of ether during tne process to replace evaporation losses. Extreme 
caution must be exercized in these operations because of the ever present 
fire and explosion hazard. All operations should be conducted in a hood 
provided with a good draft. 

If 99 to 99.5 per cent cation purity is sufficient, the two recovery 
water layers may be combined and the residual ether removed by evapor- 
ation under a jet of air. Treatment of the ether-free solution with 
approximately one microliter of "Superoxol" (20 per cent 1,04) per milli- 
gram of plutonium serves to reduce Pu(VI). A green precipitate of 
Pu(OH), may then be formed by bubbling in ammonia gas or adding concen- 
trated ammonia solution. The solubility of the hydroxide is about 
0.25 mg. of Pu per liter. The precipitate is centrifuged, washed twice 
with water, dissolved in a small amount of concentrated HNO3 or HCL, 
digested in 5 molar acid for 2 hours at 909C., and diluted to the re- 
quired concentration. 

Cation purity of 99.8 to 99.9 per cent Pu may be attained by com- 
bining the recovery water layers from the first extraction and re- 
extracting with ether. Any residual ether should be first removed under 


an air jet. The acidity is then adjusted to 3 M in HNO, and the plutonium 


ares 


oxidized to Pu(VI). Ammonium nitrate is then added to the solution and 
a three cycle extraction is carried through as before. Experience has 
shown that in most cases excellent purities are obtained when the pro- 
duct is carried through two three-cycle extractions, even if the start- 
ing materials contain very large quantities of foreign cations. 

Potassium permanganate has been found most satisfactory for oxidiz- 
ing Pu(IV) to Pu(VI). Oxidation proceeds rapidly and completely at the 
indicated temperature (609 to 809C.). Manganous ion and a small amount 
of MnO. may be left in the aqueous salt layer, but this is easily removed 
with a by-product LaF; precipitate if recovery of the remaining plutonium 
is desired, Manganese has been found not to extract into the ether 
although there is always the possibility of mechanical carry-over. Other 
oxidizing agents may be used with good results. Red lead oxidizes plu- 
tonium satisfactorily when added to an HNO3 solution at room temperature. 
The oxide is not extracted into the ether and is easily removed with a 
by-product precipitate. Sodium bismuthate oxidizes plutonium to Pu(VI) 
rapidly at room temperature, and NagCr507 may be used if the acidity is 
kept below 1.0 molar and the solution is left for two or three hours in 
an oven at 70°C. Both chromium and bismuth tend to be carried over to 
some extent into the solvent. 

Ceric ion will dissolve both LaF, and Pur, by forming a complex 
ion with the fluoride ion. Therefore, it may be used as both a complex- 
ing and an oxidizing agent. However, its presence is undesirable because 
it tends to follow the plutonium into the solvent and thence to the re- 


covery water. Separation of plutonium and cerium is difficult. 


Solvent Extraction with Methyl Isobutyl Ketone.-- Attempts are 


usually made to reduce to a minimum all laboratory hazards involved in 
handling plutonium. For this reason a solvent less dangerous than 
diethyl ether is used for routine recovery purposes. The solvent is 
"hexone" (methyl isobutyl ketone). Methyl isobutyl ketone serves as 
an excellent solvent for extrating plutonium. Its boiling point is 
118°c., its vapor pressure at room temperature is ll mm. and its vapor 
does not readily form explosive mixtures with air. In addition to 
being much safer than ether, it extracts Pu(IV) from an HNO, solution 
containing NH,NO4 as effectively as ether extracts Pu(VI) from a sim- 
ilar solution. The necessity for an oxidizing agent is therefore 
eliminated. 

Extraction is accomplished from a solution of Pu(IV) which has been 
prepared by complexing a Lal’, product precipitate with zirconyl nitrate, 
using a zirconium to lanthanum ratio of approximately 1.5 to 1.0, or 
more if necessary to effect complete solution. The solution is made 
1.5 to 2.0 M in HNO3 and Y M in NH/ NO3, after which it is contacted with 
twice its volume of ketone and shaken. The process is continued as in 
the ether extraction, using the freezing technique for separating the 
phases, until three cycles have been completed. Removal of hexone from 
the combined recovery water layers is best accomplished under an air jet 
while the surface of the solution is heated by a lamp. Plutonium 
hydroxide may be precipitated from this solution, washed, and dissolved 
in HNO, as in the process previously described. If product of better 


purity is required, HNO3 and NH¿NO3 may be added in the desired amounts 
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to the combined recovery water layers and a re-extraction performed. 

There is evidence that nitric acid oxidizes methyl isobutyl ketone 
slowly even though the acid concentration is quite low. After the 
ketone has stood in contact with an acid solution of plutonium for 
several hours, the plutonium does not extract completely. It is also 
known that Pu(III) does not extract into methyl isobutyl ketone. It 
seems likely, therefore, that during oxidation of the ketone certain 
reduction products of nitric acid are formed which in turn may reduce 
a part of the plutonium to the trivalent state. This condition is 
remedied by adding a few drops of an oxidizing agent such as KMnO, to 
the plutonium solution. Plutonium(VI) extracts into methyl isobutyl 
ketone as well or better than Pu(IV). Thus, the amount of oxidizing 
agent added is not critical and partial oxidation of the product to the 
hexavalent state presents no difficulty. 

The colloidal or polymeric form of Pu(IV) does not extract into 
methyl isobutyl ketone (see section on Concentration). 

Over-all yields of 95 to 97 per cent through two complete extract- 
ions are common and 99.5 to 99.9 per cent over-all purity, expressed in 


terms of metallic cations present, may be expected. 
LARGER SCALE RECOVERY OF PLUTONIUM 


The methods which are described in this section have been found 
satisfactory for the recovery of plutonium from materials returned by 
those who have been engaged in & great variety of physical, chemical 


and metallurgical experimental work on plutonium and its compounds. 
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Table X-l gives a summary of the various phases of research and develop- 
ment work returning material to be recovered. It also shows the form 
in which tne plutonium is present and lists the types of substances 
present as impurities. 

Tne entire process of recovery may be subdivided into three 
Operations: preparation of the solution; concentration of plutonium, 
including tne removal of a major portion of the impurities; and puri- 
fication of plutonium (i.e., removal of the last traces of impurities). 
Ine following discussion of the recovery scheme is based on this sub- 


aivision. 
Preparetion of Solution 


Examination of Table X-1 shows that the answer to the problems of 
this category lies, in part, in the methods which are available for 
dissolving plutonium metal, oxide, halides, carbides, oxalate, hydride 
and peroxide. Of these compounds all except the oxide and carbide are 
readily soluble in the common mineral acids, HCl being best suited for 
the metal and the hydride, HNO, for the peroxide and halides, and 
HNO3 + H280, for the oxalate. When it is necessary to render the oxide 
or the carbide soluble, the most efficient method is a fusion with 
K585905. In this fusion a ratio of K2S707to Pu0, (or carbide) of about 
8 to 1 is used. The fused mixture is heated until the molten material 
turns solid. This gives a fused mass which is much more readily dis- 
integrated by water and HCL than is possible if the heating is stopped 


while the fusion is still liquid. The fusion mass is greenish while 
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still hot, but on cooling it turns pink. This pink color seems to be 
characteristic of the Pu(IV) state in the presence of sulfate, since it 
appears when solutions are fumed with H550,. 

However, the problem of getting plutonium into solution is not as 
simple as it might seem from the solubility data just stated. It is 
complicated by the fact that varying amounts of plutonium manage to 
penetrate so deeply into the refractories used in reduction and remelt- 
ing tnat a mere leaching with acids or acid fusions does not extract all 
of the plutonium from the crucible materials. This necessitates the 
complete dissolution of tne refractories, a procedure which is dis- 
advantageous for two reasons. In the first place, many of the refract- 
ories resist dissolving to a remarkable extent, requiring long tedious 
treatment with various acids and with various fusion mixtures. Many 
of the refractories were dissolved in HF and HNO, when other solvents 
failed. Ina few cases, however, very drastic measures have been re- 
quired, and it has been found that the Na20, plus carbon spontaneous 
fusion is very satisfactory for these materials. The second disadvant- 
age of complete solution of the refractories lies in the fact that much 
greater amounts of impurities are mixed with the plutonium than would 
be the case if a leaching process were used. In order to overcome, to 
a certain extent, this second disadvantage, the unground crucible mater- 
ials are always leached thoroughly with HCl, HNO, and aqua regia, and 
the solutions thus obtained, containing nearly all of the plutonium and 
only a fraction of the crucible material (provided the crucible is in- 


soluble in the leaching acids), are treated separately. The main portion 
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of the crucible material is then dried, ground to approximately 100 mesh 
and dissolved completely. This solution contains only a small amount 
of plutonium and in general is set aside until other similar solutions 
have been obtained, at which time it is worked up. 

In those cases where the plutonium has nad to be separated from 
metal surfaces, acid washing or K582507 fusions (Gepending on the form of 
the plutonium) will get the plutonium in solution; the metals are not 
much afiected by these treatments. 

When the plutonium is already in solution there are three treatments 
that may be necessary before the solution is in a condition satisfactory 
for the chemical procedures of concentration. If the volume of the sol- 
ution is so large that the plutonium concentration is of the same order 
of magnitude as the solubilities of the compounds to be precipitated, it 
must be evaporated. If the plutonium is in the hexavalent state, it 
must be reduced before the concentration step can be successful. This 
reduction is best done by pessing S05 into the acid solution until the 
blue color of the trivalent plutonium becomes evident. The solution is 
then boiled to remove the excess 505, and HNO3 is added to reoxidize the 
trivalent plutonium to tetravalent plutonium. In this reoxidation, care 
must be taken that the HNO4 does not cause a large portion of the plu- 
tonium to become hexavalent. It is probable, but not as yet proved, 
that the addition of small amounts of 4280, before reoxidation will pre- 
vent this. If organic matter is present, it must be removed before 
chemical concentration can be accomplished, The volatile organic mater- 
ial is removed by evaporation, and the nonvolatile organic material is 


removed by oxidation with HNO3 and H,50, - 
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Chemical Concentration of Plutonium 


The three prerequisites of a good concentration method are; (1) The 
major portion of the impurity must be removed in one operation. (2) The 
amount of plutonium removed with the impurity must be small. (3) If the 
operation depends upon a precipitation procedure it should, if possible, 
cause the plutonium to be precipitated away from the impurity rather than 
the impurity to be precipitated away from the plutonium. All the methods 
to be described exhibit the Pleat tna characteristics, and nearly all 
exhibit the third. 

The exact procedure which is to be used for the separation of the 
plutonium from other elements will naturally depend largely upon what 
contaminating materials are present and to what extent. Thus, if a metal 
button is returned for recovery, almost no pre-purification procedures are 
needed. If, on the other hand, the sample for recovery consists of dry 
box sweepings, several separate concentration steps are required. How- 
ever, in all cases the procedure for the concentration of plutonium will 
consist of one or more of the following processes. 

Hydroxide Precipitations.— The first process after the preparation 
of the solution always involves the precipitation of plutonium hydroxide. 
This serves not only to separate many impurities from the plutonium but 
also to give & compound which when dissolved in acid leaves & solution of 
approximately known acidity and plutonium concentration. For this pre- 
cipitation either NaOH or NH,OH may be used, and the choice of reagents 
depends upon the type of impurities present in the solution. Thus, when 


Be, Al and other amphoterics are present, an excess NaOH is used to 


zn. 


precipitate the plutonium hydroxide, leaving the impurities in solution. 
It ug or other alkaline earths, alkalies or elements which form ammonio 
complexes are present, NH,OH is used. In the case of alkaline earths 
NH,OH is added until the pH of the solution is between 5 and 6 as shown 
by indicator paper. This gives a basicity sufficient to precipitate ' 
the plutonium hydroxide but not to precipitate the alkaline earth 
hydroxides. In those cases where elements which form ammonio complexes 
are present, the NH, OH is added in excess. Many times the elements of 
all three classes (amphoteric, complex formers and alkaline earths) are 
present in the solution, and suitable combinations of reagents and con- 
ditions are used. Whenever both NaOH and NH,OH are to be used in a 
series of operations, NaOH is always used first, followed by NH,OH ata 
pH 5 to 6, and finally followed by NH,OH in excess. The precipitate 
from each operation is washed thoroughly and dissolved in acid before 
the succeeding precipitation. By using these processes a major portion 
of all the elements present is removed with the exception of Ce, La, Zr, 
Ih, Ti, Fe, Si, Ta and Pt. Of these, Si and Ta are partially removed 
in the preparation of the solution since both of these elements precipi- 
tate insoluble oxides from acid solutions. Platinum is removed by 
means of acid H,S in the rare cases when it is present in solution. 
Oxalate Precipitations.-- The solution containing the tetravalent 
plutonium nitrate is heated to convert all uranium to the hexavalent state. 
To this is added enough solid KI to give three mols of iodide per mol of 
plutonium, and the solution allowed to stand for 30 minutes with occas- 


ional stirring. After this, enough l M H2020, solution is added to give 
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1.5 mols of oxalate ion per mol of plutonium and to make the final sol- 
ution 0.2 molar excess in oxalic acid. The volume is then adjusted 

until the plutonium concentration, based on total amount present, is 

0.2 molar. This mixture is allowed to stand for 30 to 60 minutes, 

after which the green oxalate precipitate is centrifuged and washed with 
water until the supernatant is free of I3 color. The precipitate is 
fumed with HNO3 and H2S0, to completely decompose the oxalate, and the 

red sulfate thus formed is dissolved in water and HCl. Plutonium hydroxide 
is precipitated from this solution with NH,OH, and the precipitate is 
washed free of sulfate. 

An alternate treatment of the precipitated oxalate may be used if 
no further concentration processes are necessary. The solid oxalate 
is treated with enough 1 M NaBrO3 solution to give 1.8 mols of bromate 
per mol of plutonium, and enough 16 N HNO3 to give 9.2 mols of Hf per 
mol of plutonium. The volume of the solution is then adjusted so that 
the plutonium concentration in the final solution will be 0.2 molar, and 
the mixture is heated for 4 to 6 hours at 85°C. This method of dis- 
solution of the oxalate yieläs a solution of the hexavalent nitrate of 
plutonium. 

The oxalate procedure separates uranium (if not present in large 
amounts), some alkaline earths, Zr, Th, Ti, Fe, Be, Cr and the alkalies. 
It has no value as a method for separating Ce and La. This precipitation 
is always used as the last step prior to purification, and in many cases 


it is used previously to clean up solutions. 
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Trifluoride Precipitations.-- A solution of the tetravalent plu- 





tonium nitrate in lM HNO, is reduced by passing S05 into the ice-cold 
solution for about 20 to 30 minutes. (Reduction may also be made by 
means of KI as described in the previous section.) Twenty-seven normal 
HF is added to this blue solution until the amount added is three mols 
per mol of plutonium and enough excess to make the solution 1 to 2 M in 
HF. The mixture is allowed to stand for 30 minutes and the purple tri- 
fluoride is centrifuged, washed, and fumed with HNO3 and H250) to remove 
all fluoride. The sulfate thus formed is dissolved in water; the 
hydroxide is precipitated with NHOH and washed free of sulfate. 

This method accomplishes the separation of uranium to about the same 
extent as the oxalate. It has the advantages that the plutonium fluoride 
is less soluble than the oxalate, and if large amounts of uranium are 
present the separation is still successful. It has the disadvantages 
that Th and Zr are not separated from the plutonium, that tne precipitate 
is more difficult to dissolve, and that handling of large amounts of HF 
solutions involves certain difficulties. 

Tetrafluoride:Precipitations.-- A solution containing the tetravalent 
nitrate of plutonium in 1 M HNO, is heated to oxidize all uranium to the 
hexavalent state, and solid KNO3 is added until there are two mols of Kt 
per mol of plutonium and the solution is 3 molar in excess. Twenty-seven 
normal HF is then added to give six mols of HF per mol of plutonium and 
to make the solution 1 to 2 molar in excess. After 30 minutes the gray 
potassium plutonium fluoride is centrifuged, washed, and fumed with H,50, 
to remove HF, and the sulfate thus formed is dissolved in water. From 


this solution the hydroxide is precipitated and washed free of sulfate. 
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This method has the same disadvantages and advantages as the tri- 
fluoride method and may be used interchangeably with it. It is prob- 
ably tne best method for separating large amounts of uranium from plu- 
tonium. Since this does not require reduction of the plutonium it is 
souewhat faster. However, the precipitation of the trifluoride is a 
more clean-cut reaction. 

Iodate Precipitations.-- Precipitation of Pu(I03), from a solution 
which is 2 M in HNO, with a 0.2 molar excess of KIO3 or HIO4 serves to 
separate the plutonium from uranium in the hexavalent state. It is not 
nearly as satisfactory as the previously described methods for uranium 
separation. However, it does show promise as a method for separating 
cerium, which resists most other separations when present in large 
amounts. The iodate of trivalent cerium is soluble and should remain 
in solution when the plutonium is precipitated. The preliminary attempts 
at this separation have indicated that it will be useful but the data are 
too incomplete at this time to state definitely that the method is success- 
ful. The most satisfactory method of solution of the iodate depends 
upon tne use of HCl and 5059. This reduces the ioaate to iodide and the 
plutonium to the trivalent state. The completion of the reduction is 
noted by the fact that all the lo liberated from the iodate by S05 is 
redissolved and the solution turns blue due to trivalent plutonium. The 
plutonium is precipitated from this solution as Pu(OH) 3 by means of 
NH,OH. It is not possible to reoxidize the plutonium to the tetravalent 
state before precipitation of tne hydroxide because the iodide which is 


present prevents oxidation of the trivalent state. 


38. 





Other Methods for Separation of Cerium.-- All other methods which 
are used for the separation of cerium from plutonium involve an oxidation 
of the plutonium to the hexavalent state. This oxidation is achieved by 
means of NaBrO3 in HNO3 solution. Since hexavalent plutonium does not 
precipitate as a fluoride, the cerium can be precipitated from the oxi- 
dized solution by the addition of HF. By repeating this process, fairly 
complete separation can be brought about. The procedure has the dis- 
advantage that the impurities are precipitated rather than the plutonium. 
A second treatment of the oxidized solution consists of ether extraction 
of the plutonium. This is perhaps the most efficient method of separ- 
ation of plutonium from cerium but it is also more time consuming. If 
only small amounts of cerium are present, no special precautions need be 
taken since the regular purification scheme will effect its removal. 

Carrier Procedures.-- All supernatants from precipitation of hydrox- 
ides were stored until about 380 liters were on hand. Assay of these 
solutions showed a much higher plutonium content than would be accounted 
for by the solubility of Pu(OH), in basic solutions. The probable ex- 
planation of this is the fact that tetravalent plutonium in dilute HNO3 
converts to the extent of about 50 to 60 per cent to the hexavalent state. 
This is either a straight oxidation or a disproportionation of the tetra- 
valent to the hexavalent and the trivalent states. Regardless of mech- 
enism, the presence of the hexavalent plutonium in solutions from which 
the hydroxide is to be precipitated would cause undue loss in the super- 
natant since the hexavalent hydroxide is quite soluble. Since there 
was a considerable amount of plutonium tied up in these solutions, an 


effort was made to recover it. 
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These supernatants were obtained from hydroxide precipitations 
using both NaOH and NH,OH, and when they were mixed, precipitates formed 
due to the nature of the elements in the basic solution. Thus magnesium, 
in solution in the NH,OH supernatant, was precipitated by the more basic 
NaOH supernatant, and beryllium, in solution in the NaOH supernatant, 
was precipitated by the less basic NE, OH supernatant. This precipitation 
of hydroxides from the supernatant solutions acted as a carrier, and most 
of the plutoniwn was found to be in the precipitate. However, the con- 
centration of the plutonium in this precipitate is so low as to make the 
usual precipitation methods untenable. For this reason LaF 3 carrier 
methods were used. A solution of the tetravalent plutonium nitrate in 
IM HNO4 was treated with S05 until the solution was saturated.  Lanthanum 
was added in the form of La (NO3) 4* 6850, and enough HF to precipitate the 
LaF3 and to make the solution 1 to 2 molar in excess. The LaF3 was 
centrifuged, washed, fumed with H550,, and the lanthanum was separated 
from the plutonium by one of the methods previously described. The 
basic supernatants after this treatment still contained enough plutonium 
to warrant its recovery, hence further carrier procedures are being used 
at the present time. Ferric nitrate is added to the solution and the 
ferric hydroxide thus formed is allowed to settle through the solution. 


Results of this experiment are not known yet. 


Purification of Plutonium 


After one or more of the concentration procedures just described 
have given a product which is 80 to 100 per cent plutonium, the processes 


of purification are carried out. As has been previously stated, the 


final procedure of concentration is an oxalate precipitation in nearly 
all cases, and this is dissolved and oxidized according to the method 
described under the oxalate procedure. The solution thus oxidized is 
treated with solid sodium acetate until the precipitation of the sodium 
plutonyl acetate is complete and an excess of one-third has been added. 
The pink NaPu05Ac4 is centrifuged and washed twice with acetate wash 
solution (5 M Na* 0.2 M Ac , 0.25 M HAc). The washed acetate is diss- 
olved in the smallest amount of 16 N HNO4 that will give a cleer sol- 
ution, and the volume of this solution is reduced by evaporation until 
NaNO3 begins to crystallize. This solution - about 1 to 2 ml. per gram 
of plutonium - is then extracted with diethyl ether in a modified Soxhlet 
extractor. The hexavalent nitrate obtained from the ether extraction 
is diluted somewhat and treated with enough 7 N HI to give 9 mols of I 
per mol of plutonium. This mixture is allowed to stand 30 to 60 min- 
utes, and 1 molar oxalic acid is added in sufficient amounts to give 
1.5 mols of oxalate per mol of plutonium, and to make the final solution 
0.2 molar in excess. The volume of the solution is then adjusted so 
that the plutonium concentration (total) is 0.2 molar. This mixture is 
allowed to stand for an hour or so and the green oxalate washed free of 
I3. This slurry is then delivered for conversion into compounds suit- 
able for metallurgical reduction. 

During the purification processes, various solid residues are 
obtained. These are always removed from the solution before the 


succeeding procedure is carried out. 


Recovery Flowsheet 


Although none of the procedures described herein can be termed as 
completely quantitative, a continuous recycling of all residues and 
supernatants can be said to achieve quantitativeness to a large degree. 
For example, during the past eight months about 250 individual samples 
have been turned in for recovery. These totaled 117,936 mg., or an 
average of approximately 450 mg. per sample. Of this amount, 109,639 mg. 
of essentially pure plutonyl nitrate and plutonium oxalate have been 
delivered for conversion to pure plutonium compounds. About one gram 
is in the various supernatants and residues which will be worked up over 
a period of time. The apparent loss of 7.3 grams is most probably due 
to errors in estimations of amounts turned in for recovery since no 
assays are made on any of the incoming materials, whereas all outgoing 
samples are assayed either by weight or by radioactive means. 

Figure X-1 presents a composite of all of the larger scale recovery 
and purification work. Naturally the entire procedure is not followed 
for each individual recovery problem but only those portions which are 
necessary to remove the particular elements present. It is only in 
case all possible impurities are present at one time that the complete 


scheme is followed. 
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CHAPTER XI 
SPECIAL ANALYTICAL METHODO 


In connection with the research programs on the production, isolation, 
purification and metallurgy of plutonium it has been necessary to devise 
many special analytical methods. Many of these are also useful in the 
control of processes in production plants and in the larger scale purifica- 
tion and metallurgy of plutonium. These methods fall logically into two 
groups: assay methods for determining the amount of plutonium in a sample, 


and methods for the analysis of plutonium and its compounds for impurities. 


ASSAY METHODS FOR PLUTONIUM 


Three methods of assay have been developed, namely: assay by alpha 
counting, spectrophotometric assay and electrometric assay. The first of 
these depends upon the radioactive decay of plutonium by alpha particle 
emission and requires & knowledge of the half-life of the element. This 
has been an extremely important method because it is the only one applic- 
able to work on a tracer scale. Furthermore, it is very useful as a 
control method. The second and third methods are useful for the assay 
of samples containing larger amounts of plutonium; the second depending 
upon the characteristic spectra of Pu(III) and Pu(IV) in aqueous acid 
solutions, and the third upon the facts that plutonium may be quanti- 
tatively oxidized from Pu(III) to Pu(IV) by common reagents and that 


Pu(IV) may be reduced on the dropping mercury electrode. 


Assay by Alpha Counting 


Principle of the Method.-- The disintegration rate, -An/dt, of a 
sample of a redioactive isotope is related to the half-life, tL, and 
the number of atoms, n, of the isotope present in the sample by the 
following equation: 

-dn/dt = 0.693n/tj 
Consequently, if the disintegration rate of a sample of a radioactive 
isotope of known half-life is measured, the number of atoms of the 
isotope vresent in the sample may be calculated. 

The half-life of Pu??? has been evaluated as 24,300 years, with 
a probable error of about one per cent. The specific activity corres- 
ponding to this half-life is 136,500 alpha disintegrations per minute 
per microgram. 

The experimental evaluation of the disintegration rate, -An/dt, of 
a sample containing pu239 is subject to a number of errors which are 
discussed below. 

(1) The direct determination of dn/dt is usually not feasible since 
it would require that all particles emitted be counted. In practice, 
samples are mounted on various backing materials for ease in handling, 
and most of the particles emitted in the direction of the backing mater- 
ial are stopped by it and do not ionize the gas in the counting chamber. 
Inert material present in the sample, as well as the sample itself, will 
similarly prevent certain alpha particles from causing sufficient ion- 


ization to produce a pulse in the counting circuit. 
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(2) Since dn/dt is not determined directly, it is necessary to 
determine what fraction of the alpha particles emitted by the sample 
are counted, so that dn/dt may be calculated from the observed count- 
ing rate. This fraction will depend upon (a) the number of particles 
stopped by the backing material, by the sample itself or by inert mat- 
erial in the sample; (b) the geometrical arrangement of the counter; 
and (c) the limitations of the response of the counter itself. 

(3) In any counter a measurable number of pulses originate from 
sources other than the sample; that is, the counter has a "background" 
response which must be subtracted from the response measured when a 
sample is present. 

(4) The determination of the counting rate is limited in accuracy 
by its statistical reliability, which increases as the total number of 
observed counts increases. 

(5) The sample may contain radioactive impurities to which the 
counter will also respond. 

Methods of assay for Pur? have been developed in which the above 
sources of error have received careful attention. Two types of counters 
have been used and the techniques for sample preparation and counting 
will be described for each of them. 

Assay with Parallel Plate (50 Per Cent Geomet Counters.-- The 
parallel plate ionization chamber type of counter is the one used for 
routine analytical purposes in the production plants and for most alpha 


counting work. It is convenient to use, reliable in operation, and 


its characteristics have received careful study. Its construction, 
operation and use are described in detail in the Project literature. 
Its design is such that roughly fifty per cent of all alpha particles 
emitted by a sample mounted in the standard way are counted by the 
instrument. Below about 8000 counts per minute the response of the 
counter is nearly perfect (allowing for coincidence loss), every alpha 
particle which travels as much as 2 mm. in the chamber producing a 
pulse. The normal range of the pu??? alpha particle in air is about 
4 cm. 

Since Pu?29 emits 136,500 alpha particles per minute per microgram, 
weighable amounts of the isotope cannot be counted directly in the par- 
allel plate chamber. Weighable samples may, however, be dissolved and 
an accurately known fraction of the whole counted in the parallel plate 
counters. This is the technique used for assay by counting with the 
"50 per cent geometry" counters. 

l. Assay of a Solid. A sufficient quantity of the solid is taken 
to confine the weighing error to approximately 0.2 per cent. Because of 
the health hazard involved in working with plutonium it is preferable to 
keep the sample weight to a minimum consistent with the necessary accur- 
acy. For that reason assay balances, micro balances or highly sensitive 
quartz torsion balances are to be preferred over the ordinary analytical 
balances for weighing samples containing plutonium. The weighed sample 
is dissolved in an appropriate solvent; nitric acid if possible, although 
perchloric and sulfuric acids are permissible if necessary. The presence 


of Cl, Br or I should be avoided, since in the presence of these 
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halides some plutonium is lost by volatilization during the preparation 
of the samples for counting. The dissolved sample is diluted to an 
appropriate volume such that a 0.025 to 0.100 ml. aliquot contains plu- 
tonium equivalent to 500 to 1000 alpha counts per minute. The dilution 
is carried out in calibrated volumetric equipment with IN HNO, to pre- 
vent hydrolysis of the plutonium. If hydrolysis occurs, part of the 
plutonium will precipitate or adsorb on the walls of the diluting vessels. 

A calibrated micro-pipette is used to deliver the aliquot of the 
assay solution somewhat off the center of a 15 mm. platinum disc made of 
new bright metal sheet known to be free of radioactive contamination. 
The pipette is rinsed with l N HNO4 and the delivery of the wash liquid 
onto the plate is made separately from that of the main sample if poss- 
ible. A second rinsing is made in the same manner. The liquid on the 
plate is pooled and spread over & circular area of about one square 
centimeter by tilting and rotating the plate, after which the sample is 
placed beneath a heat lamp and the liquid evaporated to dryness. The 
presence of sulfuric acid in the aliquot sample causes trouble owing to 
its tendency to spread over the edge of a plate. Small amounts of the 
acid may be tolerated if spreading over the edge of the plate during 
drying does not occur. The dry plate is ignited to redness for a few 
seconds in a Bunsen flame and then alpha counted. Plates should be 
prepared in triplicate at least. 

If the weight of residue on the counting plate exceeds a few tenths 
of a microgram per square centimeter, it is necessary to correct for 


alpha particles absorbed in the residue. For purposes of accuracy, the 
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correction is best determined empirically for each type of residue and 
sample preparation. The background activity of the counter being used 
for assay purposes should not exceed a few tenths of one per cent of 
that of the sample. 

Since emission of particles by an unstable isotope occurs in an 
entirely random manner, the probable error of an observed counting rate 
depends upon the total number of counts recorded. In order to make the 
probability 0.5 that the observed counting rate does not differ from the 
true counting rate by more than + 0.2 per cent, it is necessary to record 
approximately 100,000 counts. The observed counting rate must be corr- 
ected for a small deficiency in the response of the counter, due to the 
fact that the counting mechanism records the emission of but one of two 
particles emitted within a certain minimum space of time. For the alpha 
counters adjusted to the Chicago laboratories specifications, the error 
from this source has been found to be equal to 0.8 per cent per thousand 
counts per minute. 

The corrected counting rate must be converted into & disintegration 
rate for final calculation. This requires an evaluation of the "count- 
ing yield" of the counter. For essentially weightless (less than one 
microgram) samples of plutonium spread over several square centimeters 
on smooth platinum, the counting yield of the parallel plate chambers 
has been found to be 52.0 + 0.5 per cent. The yield in excess of 
50 per cent is believed to be due to small angle backscattering of part- 
icles emitted initially in the direction of the backing material. 

Àn example will serve to illustrate the various calculations and 
corrections to be made in an assay of Pu?29. In the example (Table XI-l) 


the uncertainty in each figure is the standard deviation. 
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Calculations, Corrections and Standard Errors in Assay by Alpha Counting 
Standard error 


Data Recorded (+ per cent) 
(1) Weight of sample, 0.503 mg. 0.20 
(2) Diluted to 1,004.0 ml. 0.01 
(3) Aliquot taken for counting, 0.02534 ml. 0.12 


(4) Total counts recorded, 105,400 
(standard error, + 0.2 %) 


(5) Observed counting rate, 623.2 + 1.2 counts/min. 


(6) Total background counts recorded, 17 
(standard error, + 164%) 


(7) Observed background counting rate, 0.20 


-1.7 + 0.3 counts/min. 


(8) Coincidence correction 


623.2 x 0.008) (623.2) = 3.1 comts/min.* 


1000 


(9) Net counting rate, 623.2 + 3.1 - 1.7 = 
624.6 + 1.24 counts/min. 


ut a Caer Quo! Cu” Cua? Cua? ur? O O e” a? Nene’ See Na `. A? sf 


(10) Counting yield, 0.520** 


_ counting rate___624.6 _ 


(11) Emission rate counting yield 0.520 


1201 + 2.4 counts/min. 


(12) Total weight of Pu in sample, 


0.02534, x 1.365 x 10^ 
(13) Per cent Pu in sample, x s = 71.8 + 0.2 





* No error is attributed to the figure for coincidence correction, since 
the 0.8 per cent per thousand correction factor was used for an identi- 
cal counting technique in the evaluation of tL. 


+ No error is attributed to the counting yield factor, since the same 
factor was used for an identical counting technique in the evaluation 
of ti. This counting yield may not apply to other isotopes, since the 

yield” may depend in part on the range of the emitted alpha particle; 
nor does the yield apply to samples mounted on backing other than plat- 
inum, since the backscattering is known to be a function of the atomic 
number of the scattering -— 
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2. Assay of a Solution. If a solution is to be assayed for 
plutonium, the following method may be used to determine (a) the con- 
centration of pu??? in solution, and (b) what fraction of the non- 
volatile residue from this solution consists of Pu???, 

A volume of liquid is taken sufficient to yield a quantity of 
residue which may be weighed to + 0.2 per cent. The liquid should 
be free of Cl”, Br and I” for the reason previously given. The 
residue is placed in a suitable platinum vessel which has been weighed, 
and evaporated to dryness, preferably by means of & heat lamp. 

The dried sample is protected by & covering and placed in a cold 
muffle furnace. The temperature of the furnace is raised to 800%. 
over a period of 15 minutes and maintained at this temperature for 
30 minutes. The furnace is then turned off, the sample allowed to 
cool to room temperature in a desiccator and the sample is weighed. 
The ignition is repeated for 15 minutes and the sample is reweighed. 
This operation is repeated if necessary until constant weights are 
obtained. 

The weighed oxide is dissolved by heating to fuming with a mini- 
mum volume of concentrated sulfuric acid. If too much acid is used, 
difficulty will be encountered in preparing plates for counting, as 
already explained. The solution of the oxide is slow and may require 
several hours. The sulfuric acid digest should be examined from time 
to time for the presence of yellow particles of undissolved plutonium 
oxide. When the plutonium is all in solution it is diluted to an 


appropriate volume with 1 M HNO3, and the resulting solution assayed 
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for plutonium by the method outlined for solutions prepared from solid 
samples. The digestion vessel should be examined for undissolved plu- 
tonium by carrying out a nca dod operation with sulfuric acid. 

Under the conditions of ignition outidnea above, fractional milli- 
gram amounts of plutonium are converted to Pu05- A solution of pure 
plutonium (Pu???) nitrate would therefore yield a nonvolatile residue 
containing (239 x 100)/(239 = 32) = 88.2 per cent of plutonium. 

Assay by Means of the "Low Geometry" Counter.—- The construction 
and operation of the "low geometry" counter used for assay purposes is 
described in the Project literature. 

There are two advantages in the use of this counter for assay pur- 
poses: (1) An accurately weighable sample of the isotope containing not 
more than l0 micrograms of pu239 may be counted directly, thus elimin- 
ating dilution and aliquoting errors. (The weighing must be done on a 
delicate quartz torsion balance having a sensitivity of approximately 
0.01 microgram.) (2) The design of the counter is such as to minimize 
to negligible magnitude the counting errors arising from self absorption 
and backscattering. The calculation of the counting yield is based upon 
geometrical considerations, the application of the coincidence correction 
and an appropriate correction for background effects. 

For assay purposes a solid sample after being weighed should be put 
in the form of a nitrate solution; a liquid sample should be converted 
to a nitrate solution. In either case, a quantity of solution sufficient 


to yield about 10 micrograms of nonvolatile residue is deposited in the 
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center of one of a matched pair of slightly concave, 5 mm. diameter 
platinum discs whose weight differential does not exceed about 50 micro- 
grams and whose individual weights do not exceed 10 milligrams. The 
sample is carefully dried under a heat lamp, taking care that the sample 
dries as a thin uniform deposit. The sample is ignited and weighed on 
the quartz fiber torsion balance. The dried sample is then mounted in 
the low geometry counter, the geometry factor of which is calculated 
from the area and geometry of the sample and the geometry of ihe counter. 
The net countiag rate is calculated after making appropriate corrections 
for background and coincidence losses. 

The methods for assay by counting which have been described are 
designed for samples that contain only one alpha emitting isotope. 
Frequently other types of samples are encountered. Elements of diff- 
erent atomic number may be separated by chemical manipulation and de- 
termined individually. Isotopes of the same atomic number (such as 
Pu??? and pu^ 40 cannot be separated chemically and in general their 
relative abundance in & given sample must be estimated by other means. 

Assay After Separation by Cupferron Extraction.-- The separation 
of plutonium from its initial solution, preliminary to assaying by 
alpha counting methods, is necessary (a) when uranium or any other 
alpha emitter is present; (b) when the total solids in the sample taken 
exceed about 0.5 mg.; and (c) wnen excessive amounts of beta emitters 
are present to serve as a source of spurious counts. 

In many such cases plutonium may conveniently be separated and 


mounted for alpha counting by the cupferron-chloroform extraction 
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technique. In weakly alkaline solution, cupferron, the ammonium salt 
of nitrosophenylhydroxylamine, forms complexes with tetravalent pluton- 
ium, ferric iron, and a few other cations. These complexes are extract- 
ed more or less completely in chloroform and a large number of other 
organic solvents. Unlike extractions made from acid solutions, the ex- 
cess reagent remains in the water phase. Macro amounts of cupferron- 
extractable elements interfere, due to the difficulty of depositing 
organic matter on a platinum plate and of counting alpha particles 
through a heavy layer of extraneous material. 

The precision and accuracy of this method will vary with the type 
of sample, the experience of the analyst, and the counting technique. 
Results on a large number and types of samples varied within + 2 per 
cent, with the accuracy of some results indeterminate. The apparent 
accuracy coincides with the precision for "weightless" samples. The 
size of the sample is limited by the counting rate of the alpha scaler 
which is assumed here to be reasonably accurate up to 10,000 counts per 
minute. The standard alpha scaler may be used at much higher counting 
rates than 10,000 per minute if it is calibrated and the correction for 
any recorded count is taken from the calibration curve. The scaler 
must be equipped with a recorder which is capable of following rapid 
counts. 

If the sample contains beta emitters, the aliquot must be further 
limited so that the initial sample does not give more than 109 counts 


per minute due to its beta activity. Such a sample after cupferron 


eb: 


extraction will be sufficiently decontaminated that its beta activity 
will not interfere in the standard alpha counting procedure. 

The following procedure was developed for assaying plant solutions 
of uranyl nitrate, the analysis of one sample requiring about thirty 
minutes: 

Make sure that all glass apparatus is free of plutonium contamin- 
ation. Take an aliquot of the sample to give approximately 5,000 to 


10,000 alpha counts per minute and not more than 108 


beta counts per 
minute. If less than O.l gram of UNH (uranyl nitrate hexahydrate) is 
present, it is best to add 1 gram of pure UNH. The total volume should 
be 10 to 20 ml. Place the aliquot in a 20 ml. separatory funnel, add 
3 drops of 20 per cent hydroxylamine hydrochloride, and shake briefly. 
Add l ml. of lO per cent ammonium citrate and shake briefly. Add an 
excess ammonium carbonate until the pH is about 8. If about one gram 
of UNH is present, the pH is within the proper range after adding enough 
ammonium carbonate to redissolve the ammonium uranate precipitate. This 
requires about 3 ml., or about l ml. more than the amount necessary to 
initiate CO, evolution. Test with hydrion paper and readjust if the pH 
is greater than 9. 

If the iron content of the solution is greater than 70 micrograns, 


extract with oxine as follows:* Add 10 drops of a 2 per cent alcohol 


* In the assay of plant solutions, iron was the only serious interference 
encountered and is the only one provided for here. Any of the other 
cupferron reacting elements, if present on the order of 100 micrograms, 
would interfere. It is probable, however, that the oxine extraction 
which removed the iron would also remove most of the other elements 
which might be objectionable. 
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solution of 8-hydroxyquinoline, shake 20 seconds and extract with 1 ml. 
portions of chloroform until the extract is colorless. Discard the 
extract. 

Add 0.5 ml. of 6 per cent aqueous cupferron. Shake vigorously with 
three 1 ml. portions of chloroform. Separate each chloroform extract 
into a dry 10 ml. beaker through a small wad of Kleenex stuffed into the 
apex of a dry micro-funnel. Finally, wash the funnel and Kleenex with 
l ml. of chloroform. 

The chloroform solution is evaporated nearly to dryness in the beak- 
er and then transferred to a platinum plate where it is evaporated to 


dryness, ignited and counted by one of the methods previously described. 


Spectrophotometric Assay 


In the use of the photometer or spectrophotometer as a means of 
determining the concentration of plutonium in an unknown solution by 
reference to a solution of known plutonium concentration or other stand- 
ard, accurate comparison (within + 0.1 to 0.2 per cent) demands that the 
plutonium in the solutions be present not only in the same oxidation 
state but also as the same ionic species. New species may arise by 
complex ion formation or through hydrolytic changes. Furthermore, if 
plutonium exists in solution as a complex ion, its absorption may have 
a marked temperature dependence. These factors must be given careful 
consideration in designing an assay method. 


Photometric Assay of Plutonium(III).-- Preliminary evidence indi- 


cates that the demand for similarity in the composition of two solutions 
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of Pu(III) which are to be compared spectrophotometrically may not be 
too exacting: the molal extinction coefficient of Pu(III) at 5700 À 
in 0.5 M HCl is only about two per cent different from that in 0.5 M 
HNO, (see Chapter III),and in the concentration range from 0.00333 to 
0.0266 molar the Pu(III) bands show only a random deviation of + 0.7 
per cent from the linear relationship predicted by Beer's lew. 

Plutonium(III) can be determined photometrically in a satisfactory 
manner by using filters which transmit either in the region around 4300 À 
or around 5700 À. A satisfactory combination for the first region is 
furnished by the Corning Glass filters numbered 429, 306 and 583. The 
second region can be obtained by the combination of the filters numbered 
9780 and 3482. The light source which has been used with these combin- 
ations is a 6 volt, 108 watt tungsten filament lamp. In order to elim- 
inate errors due to the fluctuations in the light source, a compensa- 
tion method involving two photocells is used. The cells which have been 
found to be satisfactory are the RCA 929 phototubes. 

Two experimental arrangements have been used. In the first, ihe 
light was rendered parallel by a lens, passed through the filters and 
then divided into two beams by means of a mirror. These beams fell on 
the photocells which were balanced against each other. The solutions 
to be studied could be inserted in either light path. The electrical 
circuit consisted of connecting the same 22.5 volt dry battery across 
each photocell with a resistance of several thousand ohms in series with 


each. A galvanometer was connected between the ends of the resistances 
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which were connected to the photocells. The relative ds ae the 
currents could be compared by varying the resistances until the galvan- 
ometer showed no deflection. Usually one resistance was kept constant 
and the other varied. With this arrangement it was found possible to 
measure the ratio of the intensities of the beams with an accuracy of 
one or two tenths of a per cent. The principal difficulty in the way 
of obtaining higher accuracy was a drift in the readings which was traced 
to changes in the division of the beam due to heating of the apparatus 
by the lamp. In order to eliminate this effect, an apparatus was con- 
structed in which identical beams were obtained by using identical 
lenses and filters on opposite sides of the lamp. The tests of this 
apparatus are not complete but indicate that the drift is much less and 
therefore higher accuracy can be expected. 

Tests have been made with the first arrangement to determine the 
errors which would come in from such operations as removing and replac- 
ing the absorption cell, changing the solution, and wiping off the 
windows of the absorption cells. It was found that these did not 
exceed the errors introduced by the drift mentioned above. 

Since the light beams are not monochromatic, this method is of 
value only in comparing an unknown solution with a known one. If sev- 
eral laboratories are to use it, they must agree on some set of solu- 
tions to use as standards. 


Spectrophotometric Assay of Plutonium(IV).—- The use of & spectro- 


photometer, such as the Beckman Quartz Spectrophotometer, to determine 


the concentration of plutonium as Pu(IV) is complicated by two factors 
caused by complex ion formation: (1) the variation of the extinction 

of the absorption bands with the acid used; and (2) the variation of 

the extinction of the bands with the concentration of acid. Further- 
more, absorption by solutions of Pu(IV) does not follow Beer's law, the 
deviation in the concentration range from 0.00135 to 0.0107 molar amount- 
ing to about 4 per cent. For a given acid it is possible, however, to 
choose regions of concentration where the ionic species in solution does 
not vary greatly with acid concentration. By reasonably careful prep- 
aration of the solutions, it is possible to obtain results that are re- 
producible to better than 2 per cent when compared with standard curves. 
The principal advantage of using Pu(IV) in the spectrophotometric assay 
for plutonium arises from the fact that the molal extinction coefficients 
of the 4700 to 4800 À Pu(IV) bands are approximately twice as great as 
for the Pu(III) bands, thus allowing greater precision of measurement 


for equimolar concentrations. 


Electrometric Methods of Assay 


Potentiometric Titration.— Plutonium may readily be assayed in 
samples which have been prepared in the form of plutonium nitrate sol- 
utions (2 N HNO3) by diluting with 6 N H580,, reducing the plutonium 
to Pu(III) by adding an excess of TiClz, and then potentiometrically 
titrating, first the excess TiCl4 and then Pu(III) to Pu(IV) by the 


addition of standard ceric sulfate solution. The couple whose potential 
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is followed during the titration consists of a platinum wire sealed into 

the 0.2 ml. capillary micro-burette used for delivering the ceric sulfate 
solution, and another platinum wire immersed in the sample solution. By 

this method it is possible to obtain reproducible results with an accur- 

acy of + 0.5 per cent on samples containing 0.5 to 1.5 mg. of plutonium. 

Low concentrations of nitrate ion do not cause interference. 

The procedure may be summarized as follows: Measure 75 microliters 
of the plutonium nitrate solution (should contain approximately 10 micro- 
grams Pu per microliter) into the titration vessel. Add a total of 250 
microliters of 6 N H580,, using portions as a rinse for the pipette and 
vessel walls. After the addition of all reagents, the molar ratio of 
H250, to Pu in solution should be approximately 275. | Clamp the titra- 
tion vessel in position and direct a sufficient stream of oxygen-free 
nitrogen toward the surface of the solution to stir it vigorously and 
to maintain an inert atmosphere. Add approximately 40 microliters of 
4 per cent TiClz solution; after 5 minutes add another 40 microliters 
of the Ticl, solution and wash the vessel walls with 25 microliters of 
6 N H250,+ The TiCl4 should be removed from the stock solution under 
en atmosphere of C05. Insert the burette, filled with standard Ce(S0,)2 
solution, into the titration vessel immediately to avoid possible air 
oxidation of the excess TiCls. Introduce the platinum wire electrode 
into the solution and connect the two electrodes to the potentiometer. 
Add the Ce(S0,)2 solution in portions corresponding to 1 mm. on the 
micro-burette until the first inflection is passed, then gradually in- 


crease the additions to as much as 2 cm. on the burette until the next 
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inflection is imminent. Additions are then decreased to l mm. on the 
burette until the second inflection is passed. Several larger addit- 
ions of Ce(S0,)o will then complete the titration. After each addit- 
ion of Ce(S0,)2» allow equilibrium to be established before recording 
the e.m.f. The data are plotted in the usual way for determining 
inflection points. The moles of Ce(S0,), used between the two inflect- 
ion points are equivalent to the moles of plutonium in the sample. 

If the correct amount of TiCl4 has been added, the initial e.m.f. 
of the couple should be 1250 + 100 m.v. Two or three small additions 
of Ce(S0,)a should be sufficient to oxidize the excess TiCl3 and change 
the e.m.f. to approximately 900 m.v. The half-oxidation potential for 
the Pu(III)-Pu(IV) couple is estimated to be 750 to 800 m.v. 

The Polarographic Assay of Plutonium.— The polarographic assay of 
plutonium may be of practical importance under conditions where other 
assay methods are unsatisfactory. In particular, the method is inde- 
pendent of the isotopic form of plutonium, is not affected by radio- 
activity, and can be used in the presence of & large excess of uranium. 
Preliminary experiments show that plutonium(IV) is reduced on the 
dropping mercury electrode at the beginning of cathodic polarization 
to produce a wave whose height is directly proportional to the concen- 
tration of plutonium. The procedure is rapid and very simple to per- 
form, particularly since the removal of dissolved oxygen is unnecessary. 

Procedures The sample, dissolved in 0.5 ml. or less of normal 


sulfuric or nitric acid, is transferred to a one ml. volumetric test tube. 


wipes 





If one is not certain that the plutonium is in the tetravalent state, 

it is first reduced to the trivalent state by passing a little sulfur. 
dioxide into the mouth of the container which is then placed in a boil- 
ing water bath for about ten minutes. During this time a stream of air 
is swept over the surface of the liquid to hasten the removal of the 
excess sulfur dioxide and to re-oxidize the plutonium to the tetravalent 
state. Then, 0.1 ml. of 0.1 per cent gelatin or 1 per cent gum arabic 
is added, the solution is diluted to exactly one milliliter and thorough- 
ly mixed. 

The solution is transferred to a 1 ml. polarographic cell having a 
mercury pool anode and the polarogram is obtained without removing the 
dissolved oxygen. Since the wave starts at the beginning of polariz- 
ation, the position of zero current must also be recorded.  Polarograms 
of the supporting electrolyte alone and known plutonium solutions should 
be made under exactly the same conditions. The wave height can be 
measured at an applied potential of -0.06 volts versus the mercury pool 
anode in the absence of ions such as chloride or cyanide which depolarize 


the electrode. 
ANALYSIS OF PLUTONIUM FOR IMPURITIES 


As has been mentioned (Chapters I and II), it was the aim of the 
final purification and metallurgy research program to devise means for 
producing plutonium metal in which the concentrations of the various 


light element impurities did not exceed one-tenth their tolerance limits 
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(see Table XI-2). To support this research program it was necessary to 
develop special analytical methods capable of detecting the light element 
impurities in plutonium at concentrations of the order mentioned above. 
The small size of the samples available for analysis placed a further 
burden on analytical research, requiring the development of new submicro 
analytical methods. 

Factors which are of negligible magnitude in ordinary micro-analysis 
became major difficulties in the submicro analytical research work. The 
presence of a trace of the constituent sought in the most highly purified 
reagents frequently became the sensitivity limiting factor. This effect, 
however, was predictable and could be greatly reduced by the proper choice 
of reagents and by suitable repurification procedures. Considerably more 
formidable were the difficulties arising as & result of contamination. 
This is not surprising when it is considered that one was attempting to 
determine the smallest measurable amounts of elements comprising the major 
portion of the experimental environment. For example, atmospheric dust 
and fumes caused considerable difficulty; & barely visible particle of 
dust might easily add several times the amount of an element present in 
the sample. To reduce contamination to a sufficiently low level it was 
practically necessary to perform the determinations in one or two simple 
continuous operations. The sensitivity, as well as the reliability, of 
involved procedures was frequently poor even though radio tracer experi- 
ments proved many of them to be feasible. To reduce contamination to a 


minimum several precautions were taken: The laboratories were equipped 
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with Precipitrons or air filters, and the floors and walls were scrubbed 
frequently with water. Experimenters used no cosmetics and washed their 
hands and faces before entering the laboratories. While in the labora- 
tory, they refrained from smoking and wore special shoes and laboratory 
frocks. Even with these precautions, sodium contamination, for example, 
was serious. At the termination of the work, special glass dry boxes 
had been constructed in which entire procedures could be performed. 

The status of the high purity analytical program at the time of 
its termination is summarized in Table XI-2. The most satisfactory 
methods of analysis are given in column 3. In column 4 are given the 
absolute sensitivities, that is, the smallest detectable amounts of the 
elements in the final determinations alone without preliminary separa- 
tions. The ranges over which the entire procedures can be used, in- 
cluding any necessary preliminary separations, are given in column 5. 
Quite generally, the lower limit of the range depends on the maximum 
deviation of the blanks rather than on the sensitivities of the measur- 
ing instruments. It is evident that the accuracies at the lower limits 
of the ranges must be + 100 per cent. The accuracies given in column 6 
are for amounts large enough so that the variations in the blank are not 
necessarily the limiting factor. The minimum weight of sample required 
for an analysis of each element to one-tenth of its tolerance is given 
in column 7. Where more than one element can be determined in one 
sample, the weight of sample required for the group analysis is also 


indicated. With the exception of boron and sodium, no determination 
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requires a sample weighing more than 120 milligrams. It shoulä also 
be mentioned that most of the plutonium in the samples can be recovered. 

It became evident early in the analytical research program that it 
would be extremely difficult to develop chemical or spectrochemical 
methods of sufficient sensitivity for several of the light elements, 
especially for boron and fluorine. For this reason work was initiated 
to determine the applicability of mass spectrographic methods to analyses 
for light element impurities. Efforts along this line were rewarded 
with considerable success and a brief account of the results is given 
in one of the following sections. 

As has been indicated (Chapter I), the final purification and 
metallurgy program was initiated to devise methods for producing plu- 
tonium metal of such purity that the specific neutron emission rate 
would not exceed three neutrons per minute per gram. It is obvious, 
therefore, that methods capable of measuring the over-all specific 
rate of neutron emission by samples of plutonium or its compounds would 
be of first rate importance during the course of the research program 
and &s control methods in larger scale purification and production. A 
later section describes two devices which have been developed to measure 
neutron emission rates, namely, the Boron Trifluoride Multiple Chamber 
Counter, and the Szilard-Chalmers Counter. If & direct determination 
of the specific neutron emission rate of & sample made by using one of 
the above devices would show the light element impurity level to be near 


or above the tolerance limit, the important contribution of the analytical 
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chemist would be the identification and approximate determination of the 
concentration of the undesired elements. The purification procedure 
could then be modified with the elimination of the offending impurities. 
Quite generally, therefore, high sensitivity rather than high precision 
was sought in the development of methods for the analysis of plutonium 


for each of the light elements. 
Neutron Counting Methods 


Boron Trifluoride Multiple Chamber Counters.-- The instrument 
developed and placed in operation consists of four cylindrical ion 


chambers embedded in paraffin around a hole in which sources may be 
inserted. Each chamber is 2.5 inches in diameter and 16 inches long. 
The outer wall is of 1/16 inch aluminum, and the collecting electrode 

is an aluminum rod 1 inch in diameter supported at one end by a specially 
designed insulator system with a guard ring. The pulses are led through 
an adjoining paraffin filled section by a thin copper wire to the pre- 
amplifier stage which is outside the paraffin. The paraffin container 
is & cylindrical sheet iron can 24 inches in diameter and 32 inches high. 
Along the axis is a 2 inch hole into which sources may be inserted. 

Space not occupied by a source can be filled with paraffin plugs. Surr- 
ounding this hole are four parallel holes spaced equally on a radius of 
2.75 inches, which are just large enough to accommodate the chambers. 
High potential contact with the outside of the chambers is made by rods 


passing out through the lower end of the can. A potential of -5000 volts 
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is used. The chambers are filled with commercial BF at a pressure of 
90 cm. Hg. Each chamber has, in addition to its om preamplifier, a 
separate amplifier and pulse-height selector. The selected pulses feed 
into a common pulse equalizer, scaler and recorder. 

Fast neutrons emitted by a source at the center are slowed by the 
paraffin which completely surrounds the source and counters. Most of 
the slow neutrons are absorbed by the hydrogen, but some are captured 


by p10 


nuclei which disintegrate and give counts. Using a small radium- 
beryllium source (Number 47) which had been standardized indirectly 
through its gamma radiation, the counting yield (ratio of counts to 
neutrons emitted by the source) was found to be approximately 5.0 per 
cent. Using a 1.8 kg. slug of uranium metal and taking 900 neutrons 
per minute per kg. as the spontaneous fission neutron rate, a value of 
5.5 per cent was obtained. This figure is somewhat ambiguous because 
of possible fast neutron multiplication and slow neutron absorption in 
the metal and because the slug displaced more paraffin than a normal 
source, but it serves as an approximate check. It is not known how 
the counting yield depends on primary neutron energy. Until a more 
accurate standardization can be made for neutrons of various energies, 
all results have been calculated on the basis of a comparison with the 
Ra-Be source (Number 47), for which the neutron emission rate is taken 
as 11,500 per minute, assuming the counting yield to be independent of 


neutron energy. 


The total background of the four chambers is approximately '/5 counts 
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per minute. That this is primarily due to alpha particle contamination 
of the inner surfaces is shown by cadmium shielding experiments which 
indicate that only a small fraction of the background is due to cosmic rays 
or stray neutrons, and by the fact that the background is essentially the 
same with air or nitrogen in the chambers. In no case could the back- 
ground of a single counter be reduced to below 15 counts per minute by 
cleaning, indicating that the contamination is probably distributed with- 
in the aluminum walls rather than deposited on their surfaces. 

A counting yield of 5 per cent and a background of 75 counts per 
minute means that one is able to detect with 95 per cent certainty the 
emission of about 20 neutrons per minute from a source in a total count- 
ing period of 12 hours, and to measure with fair statistical accuracy 
rates of 100 per minute and over. An idea of the reliability and repro- 
ducibility of measurements can be obtained from the data on the fourth 
metal sample listed in Table XI-3. Two separate measurements with 
different pulse height selector biases gave 42 + 12 and 46 + 16 neutrons 
per minute, the weighted mean being 43 + 10 neutrons per minute (all 
deviations given are probable errors). 

Various means could be employed to lower the detection limit still 
further. These are: 

(1) Coating the inner surfaces with carbon thermally deposited from 
the gas phase to reduce the background from alpha contamination. (Paint- 
ing the walls with "Aquadag" was unsuccessful.) 

(2) Construction of larger chambers. 

(3) Use of very pure BF4 which should allow the use of higher pressures. 
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(4) Substitution of D,0 for paraffin in the region close to the 
source and chambers. Calculations indicate that this would raise the 
counting yield appreciably. 


10 isotope (normal B 


(5) Use of BF, containing the concentrated B 
contains 18.4 per cent of pd) , 
A more detailed description of this counter and its performance 


will be found in the Project literature. 


l. Neutron Measurements of Plutonium Metal Samples. Neutron 
measurements have been made on four samples of plutonium metal. The 


results are summarized in Table XI-3. 


Table XI-3. Neutron Emission of Plutonium Metal Samples 


Weight 5.5 mg. 13.1 mg. 57 mg. 46.5 mg. 
Vapor pnase Bomb reduction of Bomb reduction Site Y, 
Source reduction of PuF4 by Li in BeO. of PuF3 by Li method not 
PuF3 by Ba in Remelted on TaN. in BeO given. 
BeO Remelted in A1504 
Observed 0 + 60" 270 + 30% 1330 + 300°” 43 +10" 
neutron 
emission n/min. n/min. n/min. n/min. 
rate 
Specific 410,000 20,000 4 1000** 23,000 + 500%" 560 + 240** 
neutron 
emission n/min/gm n/min/gm n/min/gm n/min/gn '* 
rate 





* Probable error increased to allow for possible instrumental fluctua- 
tions during this measurement. 


33€ Probable error from number of counts only; actual values may be 
different by as much as 20 per cent because of uncertainty in the 
standard source. 


XXX Corrected for neutron emission by Pyrex container. 
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The first three samples were prepared by the vapor phase, milligram 
scale metal production group with no attempt to attain high purity. 

The fourth sample was produced at Site Y and was reputed to be of 
very high purity. The observed neutron emission rate, 43 + 10 neutrons 
per minute, was in part due to the action of alpha particles escaping 
from the metal on the Pyrex capsule in which the metal was sealed. From 
calculations based on the neutron yield curve for boron as a function of 
alpha particle range given in the literature (Stuhlinger, Z. f. Physik 
114, 185, (1930)) and the absolute neutron yields from polonium alphas, 
one estimates that 17 + 4 neutrons per minute would be expected from the 
alpha particle bombardment of the glass. Hence, the neutron emission 
of the metal itself is 26 + 11 neutrons per minute, corresponding to a 
specific emission rate of 560 + 240 neutrons per minute per gram. In 
order to obtain & completely unambiguous result it would be necessary to 
surround the metal sample by a non-neutron emitting substance such as 
gold or platinum foil. 

2. Neutron Emission of PuF4. Às an example of the application 
of the neutron counter to the determination of neutron yields from 
individual light elements, the neutron emission from a sample of PuF4 
has been measured. A pressed pellet weighing 91.2 mg. and known from 
elementary analysis to be essentially pure PuF4 was found to emit 
35,400 neutrons per minute. Using Bragg's law, the thick target yield 


239 
for fluorine bombarded by Pu À alpha particles is calculated to be 
7.6 x 1076 neutrons per alpha. This leads to a concentration limit 
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of 0.81 ppm at the 3 neutrons per minute per gram level. Considering 
the uncertainty in our standardization, this checks reasonably with the 
value of 12 x 1076 neutrons per alpha for polonium alphas, from which 

the yield from Pu23? alphas was estimated as ll x 1076 neutrons per alpha, 
corresponding to a concentration limit of 0.56 ppm. Checking measure- 
ments on different samples and an accurate determination of the counting 
yield would be necessary before any accuracy could be claimed for such 
results. 

3. Neutron Emission from Plutonium Solutions. A solution contain- 
ing 350 mg. of purified plutonium present as Pu(IV) nitrate in 2 N HNO, 
and having a total volume of 5.0 ml. was observed to emit 2700 neutrons 
per minute. The lowering of the counting yield due to absorption of 
slow neutrons by the plutonium was determined by using an auxiliary 
source, and the measurement was corrected accordingly to obtain the above 
result. Since the only element present which yields neutrons with plu- 
tonium alphas is oxygen, the result could be used to calculate the alpha- 
neucron yield of oxygen, if the exact composition of the solution and the 
stopping powers of the various constituents were known. Estimating the 
composition and using Bragg's law (which is inaccurate for hydrogenous 
materials) one obtains 8.3 x 1075 neutrong per alpha. The experimental 
value for polonium alphas is 7 x 1078 neutrons per alpha, and the esti- 
mated value for plutonium alphas is 6.5 x 1079 neutrons per alpha. 

The neutron emission rate of a solution containing 900 mg. of 


plutonium as Pu(IV) nitrate dissolved in D2O was also measured. The 
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total volume was 4.1 mle, and DNO; was present at a concentration of 
approximately 6 normal. The result, 32,000 neutrons per minute, was 
considerably higher than expected. It was at first thought that the 
excess neutron emission was due to the (d,d) reaction excited by recoil 
deuterons, but later information indicated that the yield from this 
source would be negligible in this case. The only possible alterna- 
tive was that the oxygen present contained an abnormally high concen- 
tration of its heavier isotopes, which are responsible for all of the 
neutrons emitted by oxygen under alpha particle bombardment. The D20 
available on the Project has an approximately 8-fold enrichment in 
08 which indicates the probable correctness of this interpretation. 
The calculated neutron yield for this oxygen with plutonium alphas is 
3.7 x 1077 neutrons per alpha, about six times the yield obtained for 
normal oxygen. 

Szilard-Chalmers Neutron Counters.-- In this procedure, neutrons 
from a sample produce a Szilard-Chalmers process in permanganate ion 


2 


in aqueous solution: Mn? in permanganate captures a neutron forming 


56 


Mn“ in a lower valence state with gamma ray emission. It is uncert- 


ain whether the Mn56 formed is in"? or Mn0,; in any event, the beta 


activity due to wn? 


is carried by MnO, which is precipitated by the 
interaction of MnO, with the small amount of Mn added to the per- 
manganate just before irradiation by the sample. After irradiation 
the MnO, is separated and the beta activity arising from the reaction 


Im = Fe + B 
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is counted with a Geiger-Muller counter. 

The system consists of a 12 liter spherical flask filled with 
2.4 M Ca(MnO, )2- This solution is prepared from the purest avail- 
able Ca(Mn0,)2*4H20 and is, of course, 4.8 molar in manganese. It 
should be aged for several days to eliminate reducing impurities and 
should be kept in the dark. It should be handled with some caution 
because it has been observed to occasionally ignite cloth with which 
it comes in contact. The pH of the solution should be adjusted, with 
Ca(OH), or H250,, in the range 1 to 3, as measured by a Beckman pH 
meter; some tendency to decompose has been noted when the pH of the 
solution falls much below 1.5. 

The sample to be measured for neutron emission is wrapped in gold 
foil which has been carefully cleaned with HNO, and then baked for two 
hours at 600°C. The wrapped sample is placed in a soft glass tube, 
evacuated, sealed and then placed in the solution at the center of the 
sphere. The 12 liter flask may be fitted with a removable cap to 
which a soft glass test tube of the desired length is attached. The 
sample is then placed inside this test tube. 

Just before irradiation, Mn’? in the form of manganous sulfate 
solution is added to the permanganate in an amount equivalent to 
45 mg. of Mn0,. During irradiation, the solution is stirred either 
with an air stream or with a mechanical stirrer. Irradiation of the 


solution by a sample usually extends over night, 13 hours exposure, 
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corresponding to 5 half-lives for Mn?6, giving about 97 per cent of 
the saturation amount of Mn^6 for a given neutron intensity. 

At the end of irradiation, the sample is removed and the sol- 
ution is filtered through an asbestos mat in a 19 cm. Buchner funnel. 
Pressure siphoning is used to transfer the solution to the filter, 
care being taken to control the rate of siphoning. The residue is 
washed free from permanganate, and the MnO5 is dissolved from the 
asbestos with about 200 ml. of 1 N HNO4 containing lO ml. of 3 per 
cent H905. The system is heated to boiling, the asbestos pulp is 
filtered off, and the H0, in the filtrate expelled by boiling for 
five minutes. It is obvious that alternate procedures for filtering 
and washing could be devised; however, variations from an adopted 
technique should be avoided. 

The filtrate contains the active manganese which is reprecipi- 
tated as MnO, by the usual procedure with KBr03. The precipitate is 
filtered on a filter paper in a Buchner funnel, the diameter of the 
deposit being defined by a glass chimney (4.7 cm. diameter). The 
sample is dried by washing with acetone. It is then scotch-taped to 
a sheet of Cellophane and the "sandwich" is formed into a tube (Cello- 
phane layer innermost) around a mandrel just slightly larger than the 
counter tube. This tubular sample is then slipped over the aluminum 
G-M tube and counted. 


The counting usually extends over a period of several hours so 
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that the 2.6 hour half-life of the Mine can be verified as a check 


against spurious effects and so as to obtain the benefit of long count- 
ing to establish the intensity accurately. The resulting decay curve 
is extrapolated back to zero time, taken as the time at the end of 
irradiation. The activity at zero time is corrected for any back- 
ground effects observed in blank runs, and also for non-saturation. 

The result is taken as being proportional to the neutron intensity 

of the sample. The ratio of the corrected activity at zero time to 
the rate of neutron emission by the sample is called the net efficiency 
of the detecting system. 

The efficiency of the system must be determined by calibration 
with a known neutron source. Using a flask which is not surrounded 
by a hydrogenous medium, the efficiency of detection by the above pro- 
cedure is approximately 6.0 per cent. This is increased to 8.3 per 
cent by slipping a gold tube over the sample while it is being counted 
in order to make use of the backscattering beta particles and second- 
ary electrons from the gamma rays. Using the gold cylinder during 
counting, the efficiency is further increased to about 9.7 per cent by 
using, in the irradiation period, a boron free glass flask surrounded 
by a neutron reflecting wall consisting of 15 cm. of paraffin. If 
Pyrex is used in place of soft glass, the neutron detection efficiency 
is decreased by about 15 per cent, depending upon the amount and thick- 
ness of Pyrex used. The above efficiencies are reproducible to within 


about + 5 per cent of their value. 
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Impurity Analysis by the Mass Spectrograph 


The application of the mass spectrograph to the determination of 
small amounts of impurities present in a metal sample is relatively 
new. These instruments have been developed for the study of isotopes, 
exact masses, ionization products and other fundamental phenomena; 
however, in the last few years they have been applied to the analysis 
of hydrocarbons in the oil and rubber industries. 

Description of the Spectrograph.-- A diagram of the apparatus used 
is shown in Figure XI-1. Test analyses were made principally with a 
piece of uranium metal in the form of a rod approximately 0.020 inch in 
diameter and 0.25 inch long, or & narrow strip of sheet metal. This 
was held in the end of an adjustable support as shown at S, and brought 
very close to the hole in the disc D. This disc was made of tantalum, 
copper or other metal which does not evaporate appreciably. A high 
frequency spark was then run in a high vacuum between S and D, setting 
free charged atoms of the metal and the impurities. These ions are 
given a high velocity by the potential between D and A. A beam of the 
ions passing through B is deflected through 909 by the curved condenser 
end enters a magnetic field at C. In this the ions are deflected 
through 180? and fall on the photographic plate P, the light ions such 
as C* having a smaller radius of curvature than the heavier ions such 
as Na'. The photographic plate is affected by the ions in the same way 


as by light, and on development a "mass spectrum" is obtained as shown 
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in Figure XI-2. In the case of valuable samples, such as the isotope 
uw, the spark S was surrounded by š glass tube and a shield. Most of 
the vaporized material was collected on these parts and the front face 
of A, and could be recovered, 

Qualitative Analyses.-- With uranium metal all the light element 
impurities could be detected as illustrated in the spectra in Figure 
XI-2, (a), (b), (c), the amount vaporized in the spark in order to recorä 
the impurity depending on its concentration. The following table gives 
the amount of the impurity in parts per million, as determined by chen- 
ical and other analyses of the uranium sample, together with the amount 


of uranium vaporized in the spark in order to detect the element. 


Table XI-4. Amounts of Uranium Vaporized to Detect Impurities 





Element Analysis eg a a AA 
Be 0.02 ppm 2000 
B 0.1 m 1000 
C 380 N 2 
N 24 " 10 
š 40 n 1.5 
F 1.1 m 80 
Na 10 " (est.) 5 
Mg 14 " 25 
M a 4 
si a 5 
š = 5 
a i 3 
er 234 ppm 30 
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In general, the larger the amount of the impurity the smaller the 
sample that can be used. The large amount required for iron was due 
to the fact that trioly charged ions were recorded. The exposures were’ 
monitored by means of the electrical connection marked Q, in Figure XI-1 
which picked up the U" ions. The amount of metal used is proportional 
to the coulombs collected by Q5, and the values given in the above table 


were calculated from the different exposures as measured by Q». 


Uniformity of Distribution of Impurities.-- The amount of the ma- 


terial used for many spectra was of the order of Lo gram. With alum 


inum, carbon and fluorine, irregularities in intensity sometimes occurr- 
ed in exposures corresponding to equal amounts of uranium ions as meas- 
ured by Qo. In the case of fluorine, an increase in intensity was 
accompanied by an increase in the doubly charged calcium ions of mass 20, 
indicating that inclusions of calcium fluoride occurred in the uranium 
metal. No irregularity was noticed in the oxygen impurity. These 
measurements are illustrated by the series of spectra show in Figure 
XI-2, (d), in which the ct, N* and o" masses are shown in a series of 
photographs with various exposures. 

It was noticed that after a long series of photographs had been 
made the fluorine mass became very weak. During the exposures the 
samples were heated to approximately 500°C., and it may be concluded 
that the fluorine or fluoride can be removed from uranium by heating 
in vacuo. 


Quantitative Analyses.-- No extensive series of quantitative 
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analyses were actually carried out, although the procedure was completely 
developed. With identical exposures as measured by Qo, the intensities 
of the photographic images are compared for a standard sample and the 
unknown, standard intensity marks being printed on one end of the plate. 
In developing the method, it was found necessary to use different discs, 
D, or different holes in the same disc for the different samples in order 
to avoid contamination from one sample to another. 

Several quantitative analyses of Th222 and 1238 as impurities in the 
isotope 1222 have been carried out, using standard intensity marks and 
comparing the photographic images by means of a photometer. A photograph 
showing these isotopes is given in Figure XI-2 (e). Half a milligram 
was found to be sufficient for these analyses, and of this nearly all was 
recovered. This direct photographic comparison with the main constit- 
uent yr? was possible because it was found that the impurities amounted 


to ten per cent or more. 


Spectrographic Methods 


The spectrographic method is particularly useful for determining a 
large number of metallic impurities simultaneously in a sample of limited 
size. Preliminary experiments with the methods originally available, 
especially the pyro-electric concentration method used for the analysis 
of impurities in uranium, showed it to be improbable that they could be 
adapted to meet the stringent requirements of the problem. Copper 
electrodes, with spark excitation, had been used for rare earth analyses 


to avoid interference from CN bands associated with the graphite arc 
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and because of the high sensitivity obtained. This source was used in 
the first spectrochemical analysis of a plutonium sample. The sensi- 
tivity of the method is limited by interference from the spectrum of 
plutonium itself; the sensitive lines of the impurities are concealed by 
the intense background produced by the plutonium if more than 50 micro- 
grams of the latter is present in the sample. To improve the sensi- 
tivity, several methods were developed for the extraction of plutonium 
from light element impurities. The resulting solution of the impuri- 
ties was then analyzed by the copper spark technique. Only the cup- 
ferron-chloroform and the gallic acid-aniline extraction procedures 

had been adequately tested at the conclusion of the program. 

The lower limits which were achieved on the purely spectrographic 
side were adequate or nearly so. It should be pointed out, however, 
that attempts to attain the ultimate in sensitivity were temporarily 
abandoned some time ago when it was found impossible to take advantage 
of the sensitivity already developed because of contamination during 
preliminary extraction treatment. At the same time it was desired to 
increase the accuracy and reproducibility of the method which took a 
great deal of time. Likewise, the accuracy aspect was not pushed to 
its limit because of the necessity of having & method applicable to 
the large variety of samples incidental to the purification program. 
The copper spark method as finally developed is, therefore, & compro- 
mise in several respects, any of which could probably be improved. 

The Project publications should be consulted for detailed descriptions 


of the various methods. 
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Separation of Light Elements by Cupferron-Chloroform Extraction.-- 


Tri- or tetravalent plutonium is precipitated from strongly acid solu- 
tion by cupferron (ammonium salt of N-nitrosophenylhydroxyalimine), 
leaving lithium, sodium, potassium, beryllium, magnesium, calcium and 
aluminum quantitatively in the aqueous phase. The precipitate is sol- 
uble in chloroform and can thus be easily removed. Hexavalent plu- 
tonium is also removed, but less completely and at a slower rate. The 
precipitation is not specific; a large number of di-, tri- and tetra- 
valent elements reacting similarly. The cupferrides of ferric iron 
and tetravalent uranium, among others, are soluble in chloroform. Radio 
tracer studies using radio-sodium, beryllium, strontium and aluminum, 
together with spectrographic evidence for the recovery of all the light 
elements mentioned above, indicate that less than one per cent of the 
light elements are extracted into chloroform. 

The successful application of this and other extraction procedures 
requires extreme precautions in preparing pure reagents, cleaning appar- 
atus and avoiding contamination because of the prevalence of the light 
elements in the environment. A glass "dry box" provided with 20 inch 
rubber gloves has been constructed (but not tested) in which it was 
possible to carry out in a purified atmosphere all the operations of 
the extraction procedure ineluding the final purification of reagents. 
Such a box should prevent contamination of the sample by atmospheric 
dust and by the operator, and also should safeguard the operator against 


plutonium. 
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Procedure: The sample containing not over 5 mg. of metal per ml. 
in l M HCl or HNO3 is, if hexavalent, first reduced to the quadrivalent 
state, either electrolytically or by means of S05.  Cupferron in water, 
or its acid dissolved in ether, is added and the sample agitated to 
coagulate the cupferride. Chloroform is then added and the sample 
agitated again. The two phases are then separated. The process is 
repeated until all plutonium is removed from the aqueous phase and the 
aqueous phase is then evaporated to dryness. Nitric acid if present 
in the sample is removed by adding HCl and re-evaporating to dryness. 
Excessive amounts of organic matter or ammonium salts may be removed 
by gentle ignition. The residue is finally taken up in a small amount 
of water or 10 per cent HCl (as required) for evaporation on copper 
electrodes. (See Light Element Analysis by Copper Spark Method.) 

Separation of Light Elements by Gallic Acid-Aniline Extraction.-- 
Tri- or tetravalent plutonium (as nitrate or chloride) forms an insol- 
uble precipitate with gallic acid that is selectively wetted by aniline, 
and can thus be removed. The light elements lithium, sodium, magnesium, 
aluminum, potassium and calcium remain in the aqueous phase. 

Procedure: A portion of the sample in solution equivalent to 10 
milligrams of metal is evaporated just to dryness in a platinum cruc- 
ible in order to expel excess acids. The residue, preferably the tetra- 
valent nitrate, is dissolved in a small quantity of water and placed in 
a quartz centrifuge cone. Gallic acid and aniline are added and the 


solution stirred. The precipitate is centrifuged to the bottom and the 
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completeness of vrecipitation determined by adding a second portion of 
gallic acid. If a precipitate again forms, another portion of aniline 
is added and the sample stirred and centrifuged again. Testing is con- 
tinued in this manner until precipitation is complete, but omitting 
further additions of aniline. 

If the final pH of the aqueous solution is less than 2, it will be 
impossible to reduce the plutonium to 50 micrograms, the maximum that 
can be tolerated in the copper spark method. The initial evaporation in 
platinum, to remove excess acid, must therefore be done very carefully. 
The gallic acid-aniline procedure appears to be less fool-proof than the 
cupferron-chloroform method. However, comparison of the results obtain- 
ed by the two methods indicates that both are satisfactory. 

Separation of Light Elements by Tannic Acid-Aniline Extraction.-- 
This method is similar to the gallic acid-aniline method but has been 
tested with only tracer quantities of plutonium. The tannic acid pre- 
cipitate of the heavy metal is quite bulky. In working with macro- 
scopic amounts of uranium, it was found desirable to remove the bulk of 
the heavy metal as the peroxide before adding the tannic acid. 

Of the light elements sodium, lithium, beryllium, magnesium, boron 
and aluminum, only sodium, lithium and magnesium remain quantitatively 
in the aqueous phase.  Boron and aluminum are wholly, snd beryllium 
partially eliminated from the water phase. 


Separation of Light Elements by Oxalate Precipitation.— Tetravalent 


plutonium is known to form an oxalate whose solubility is quite low even 
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in rather strongly acid solutions. Lithium, beryllium, boron, sodium, 
magnesium and aluminum have been shown to remain quantitatively in sol- 
ution when present up to fractions of a microgram. The method has been 
tested using thorium, whose oxalate is quite similar in behavior to that 
of plutonium. 

Oxalic acid is used as precipitant, the precipitate is removed by 
centrifuging and the supernatant solution is evaporated on the elec- 
trodes. Because of the high nitric acid concentration, gold plated 
copper electrodes must be used. 

Spectrochemical Analysis by the Copper Spark Method.-- The method 
consists briefly in the evaporation of dilute solutions of the sample 
on copper electrodes, with subsequent excitation of the residue by a 
spark. The spectra are compared with those of known solutions treated 
in the same way and preferably photographed on the same plate as the 
sample. The total amount of residue which can be deposited without 
mechanical loss during sparking is about 0.5 mg. Elements with fairly 
complex spectra, for example, rare earths, plutonium and uranium, inter- 
fere if present to the extent of more than about 50 micrograms. In 
addition, elements such as alkalies and alkaline earths, if present to 
this extent, weaken the intensities of lines of traces of other elements. 
The interference due to the spectrum of plutonium requires that this 
element be removed by one of the extraction procedures given above in 
order to attain the necessary sensitivity for the light elements. 

Most of the spectrographic work on plutonium has been done with the 


following commercially available equipment: The Jarrell-Ash fully 
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automatic stigmatic grating spectrograph, Wadsworth mounting. This 
instrument has a grating with 15,000 lines per inch and has a disper- 
sion of 5.1 À per millimeter in the first order. The Baird Assoc- 
iates, Inc., grating spectrograph, Eagle mounting; it also has a 
grating with 15,000 lines per inch and has a dispersion of 5.6 À per 
millimeter in the first order. 

Theoretically, the sensitivity of the Jarrell-Ash instrument 
should be superior to that of the Baird spectrograph. In practice, the 
sensitivity of the Baird instrument is two to five times greater than 
that of the Jarrell-Ash due to the superior grating with which the 
Baird instrument is equipped. The camera of the Jarrell-Ash instru- 
ment accommodates two plates simultaneously, thus reducing the number 
of exposures necessary for complete analysis. 

The ARL Dietert Spark Source and the Baird Associates, Inc. Power 
Source Panel (the latter modified by the addition of a synchronous 
interrupter with ultraviolet irradiation and added condensers to bring 
the capacity up to 0.005 microfarads; the inductance is 36 microhenries) 
have been found satisfactory. 

Procedure: One tenth ml. of the 1 per cent HCl solution of the 
sample is evaporated on a pair of electrodes, approximately half on 
each. The solutions can be prevented from wetting the sides of the 
electrodes by dipping in petroleum ether containing l gram of stopcock 
grease (Apeizon "N") per liter. The electrodes are then sparked in 


an enclosed sparking chamber in an atmosphere of nitrogen. To prevent 


-L91- 


clouding of the windows by debris from the electrodes, the nitrogen is 
admitted near the windows of the chamber. Air cannot be used because 
of the opacity of NO, to the ultraviolet. Helium can be used and some- 


what reduces the background intensity. 

The sensitivity, wave length end conditions of exposure found 
suitable with the Baird spectrograph and modified source are given in 
Table XI-5. The greatest sensitivity was obtained with this instrument. 
Best conditions for other instruments and sources may differ somewhat 
from those given. 

The following elements can be determined simultaneously using one 
wave length position (angle of incidence 3.39) of a Baird spectrograph: 
Be, B, Mg, Al, Si, Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni, Zn, Ga, Ge, As, Sr, 
Y, Zr, Cb, Mo, Ru, Rh, Pd, Cd, In, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Hf, Ta, W, Re, Ir, Pt, Au, Hg, Ti, Pb, Bi, Th and U. Boron and fluor- 
ine, which are largely lost during evaporation of acid solutions, can 
be successfully handled by evaporation on electrodes previously charged 
with a lime deposit. Using another position of the spectrograph, Li, 
Na and Ba can be determined simultaneously. In a further position, K, 
Rb and Cs can be determined, and the determination of P requires one 
more position. These groupings must sometimes be altered for greatest 
sensitivity. The time required for an analysis is roughly two hours 


per exposure. 
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Table XI-5 


Sensitivities and Exposure Conditions for Various Elements. 


Ele- Sensi- Wave Wave Exposure Slit Emul- Corning 
ment tivity 9 length Length Time Width sion Filter 
x 10 Range sec. microns 
- - 3961.5 
As 500 352 2860.4, 30 50 I-0 = 
Au 20 2.4 2675.9 30 50 I-O = 
B 500 222 2451.4 30 50 I-O = 
500 2.4 2497.7 30 50 I-O - 
1061) 2.4 2497.7 30 50 I-0 = 
Ba 100 3.3 3891.8 30 50 I-O — 
10 8.0 6142.8 60 50 I-F 3387 
Be 0.2 93 3130.4 30 50 I-0 - 
Bi 100(2) 3.3 3067.7 30 50 1-0 = 
Ca 10(3) 3.3 3933.7 30 50 1-0 - 
T = 3968, 5 
Cb 20 343 3163.4 30 50 I-O _ 
Cd 500 363 2748.6 30 50 I-0 - 
Ce 100 3.3 3942.8 30 50 I-O = 
50 1145 4289.9 20 50 I-0 - 
Co 50 204 2663.5 30 50 I-O - 
Cr 5 3.2 2843.2 30 50 I-0 _ 
Cs 50 11.5 8521.1 120 200 I-N 3387 
(NH, sens.) 
Eu 5 3.3 3819.7 30 50 I-O _ 
5 1.5 4205.0 30 50 I-0 - 
Fe 20 3.3 2734.9 30 50 I-O = 
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In 
Ir 


Sensi- 
tivity 


gms x 10 


Table XI-5, 


Wave 
length 
Range 


Wave 
Length 


2943.6 


2743.5 
3742.5 


3877.1 
4048.0 


2526.5 
3256.1 
2833.2 


7699.4, 
7664.9 


2949.1 
2949.1 


6707.8 
6103.6 


2852.1 
2795.5 


2949.2 
2816.1 


5895.9 
5890.0 


4012.3 
4303.6 


3050.8 
2416.1 


2524.9 
2833.1 
3609.5 


Continued 


Exposure 


Time 


(sec.) 


30 


30 
30 


30 
30 


30 
30 
30 
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Slit Emul- Corning 
width sion Filter 
(microns) 
50 I-O = 
50 I-0 _ 
50 I-0 _ 
50 I-0 - 
50 I-0 - 
50 I-O _ 
50 I-O _ 
50 I-0 - 
200 I-N 3387 
(NH3 Sens. ) 
50 I-0 _ 
50 I-0 _ 
50 I-F 3387 
50 I-0 _ 
50 I-0 - 
50 1-0 - 
50 I-F 3387 
50 1-0 - 
50 I-0 - 
50 I-0 _ 
50 I-O - 
50 I-O _ 
50 I-O - 
50 I-O _ 


Table XI-5, Continued 
Ele- Sensi- Wave Wave Exposure Slit Emul- Corning 
ment tivity length Length Time Width sion Filter 
gms x 10 Range (sec. ) (microns) 
Pr 10 252 3908.4 30 50 I-0 _ 
10 11,5 3908.4, 30 50 I-0 - 
Pt 2 3.3 3064.7 30 50 I-0 - 
Rb 20 11.5 7800.2 120 200 I-N = 
(NH; sens.) 
Re 200 343 3460.5 30 50 I-0 - 
Sc 2 3.3 3630.7 30 50 I-0 - 
2 11.5 4314.1 30 50 I-O - 
om 50 11.5 4318.9 30 50 I-O - 
Sr 50 3.3 3464.6 30 50 I-0 - 
Ta 100 3.3 2685.1 30 50 I-0 - 
Te 50 2.4, 2383.2 30 50 I-0 - 
Th 100 3.3 2896.7 30 50 I-0 - 
Ti 10 3.3 3761.3 30 50 I-0 - 
U 500 3.2 2906.8 30 50 1-0 - 
W 50 3.2 4008. 7 30 50 I-O _ 
Y 5 3.3 3710.3 30 50 I-O _ 
2 11.5 4374.9 30 50 I-O - 
Zn 200 2.2 3245.0 30 50 I-0 - 
Zr 20 3.3 3438.2 30 50 I-O - 
10 1155 3958.2 30 50 I-O = 
(1) On Cao deposit. 
(2) Sensitivity limited by Mo interference from internal standard. 
(3) Sensitivity limited by contamination. 


Cannot be determined if Mo is used as internal standard. 
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The plates are developed and compared visually on an ARL Dietert 
Comparator-Densitometer with standard plates of the elements sought, 
or preferably with spectra of known quantities of these elements photo- 
graphed on the same plate. By the method of visual comparison, accur- 
acy and precision are about the same, namely, a factor of two. These 
can doubtless be improved by densitometric measurement of the lines. 

With copper electrodes, not more than 0.25 per cent of nitric acid 
nor 0.1 per cent of sulfuric acid should be present in the solution. 
Aluminum electrodes can be substituted for copper for use with nitric 
acid solution. The sensitivity is about one-tenth that attained with 
copper electrodes and impurities in the aluminum prevent the determin- 
ation of magnesium, silicon, iron and sodium. Silver, platinum and 
gold plated copper electrodes have also been used occasionally. 

Fluorine Determination by SrF Bands.-- Fluorine may be determined 
spectrographically by arcing NaF in the presence of excess SrO. The 
amount of fluorine is estimated by comparing the intensity of the SrF 
band head at 5779.5 À with that of the same band from standards contain- 
ing known amounts of Naf. The limit of sensitivity is 0.5 microgram 
of fluorine. 

Procedure: The metal is dissolved in sulfuric or perchloric acid. 
If necessary, the metal may be dissolved by anodic oxidation. The sol- 
ution is placed in a nitrogen swept apparatus and the temperature slow- 
ly raised to 160°C. (H250; solution) or 170?C. (perchloric acid sol- 


ution). Hydrogen fluoride is absorbed from the vapor in NaOH solution. 
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Heating is continued for a sufficient length of time to secure quanti- 
tative recovery of fluorine. The solution is concentrated to 0.05 ml. 
end evaporated on crat@red graphite electrodes previously coated with 
l mg. of SrO. The electrodes are arced, using a pointed graphite 
upper electrode. The plates are then compared with standard. The 
SiO background should be the same for all plates compared. If they 
are not, readings may be corrected by comparing the intensities of 


the band head at about 5781 X, which is not sensitive to fluorine. 
Low Pressure Combustion Methods 


Determination of Carbon.— The determination of microgram amounts 
of carbon in metals and other materials has been carried out in two 
types of apparatus. The sample is burned, using high frequency in- 
duction heating, in purified oxygen at a pressure of about 0.2 atmos- 
phere. In the case of metals, the carbon is converted quantitatively 
to carbon dioxide. In one type of apparatus (see Method A, below) 
the gases are pumped through a trap at -130%C. to remove water vapor 
and then through a liquid nitrogen trap to condense carbon dioxide. 
The carbon dioxide is then sublimed into a known volume and its press- 
ure measured with & McLeod gauge. In the second type of apparatus 
(Method B, below), the gases are passed over hot copper to remove the 
excess oxygen and the remaining gases analyzed by absorption in solid 
reagents. The gss is measured in a capillary pipette. 


Method A. The apparatus is a modification of that used on a 
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macro scale for steel analysis. Two models were built; one using pre- 
cision ground stopcocks, the other using mercury cutoffs for handling 

the gases. For high precision work, the mercury cutoffs were preferred. 
The apparatus using stopcocks is simpler to construct and somewhat easier 
to operate. 

Procedure: Samples are stored in & multiple "loading tree" whence 
they can be dropped into a platinum crucible supported in a water cooled 
Pyrex combustion chamber. The induction coil for heating the crucible 
is placed outside the water jacket. Oxygen is admitted to the appar- 
atus through a palladium catalyst heated to 900°C. Any CO, formed from 
carbonaceous material present in the oxygen is condensed in a liquid 
nitrogen trap. The oxygen is then condensed in & second trap, also 
cooled by liquid nitrogen. The vapor pressure of the liquid oxygen 
in this trap is about 160 mm. The apparatus, with the exception of 
the oxygen purification and storage system, is evacuated to 107? mm. 

The pump is cut off, oxygen admitted to a pressure of 160 mm., and the 
sample dumped into the crucible. The oscillator is then set (by trial) 
to the lowest temperature that will burn the sample. After 10 minutes 
the gases are pumped through two traps; the first, at ~130°C., removes 
water, and the second, at liquid nitrogen temperature, condenses CO» and 
S05. During the initial part of the pumping, the gas flow is restricted 
by a capillary. When the pressure has reached 107? mm., the CO, trap 
and the McLeod gauge are isolated by raising two cutoffs, the first be- 


tween the water trap and the CO, trap, and the second between the gauge 


-l98- 


and the pump. The CO, trap is then allowed to warm up to room tempera- 
ture and the pressure measured. The weight of carbon is calculated 
from the known volume of the system, assuming the validity of Boyle's 
law. 

Blanks are run before each analysis in the manner described above 
except that no sample is dropped into the crucible. The precision of 
the method depends on the magnitude of the blank. Blanks as low as 
0.01 microgram of carbon have been attained and blanks of 0.1 micro- 
gram are easily attained. The apparatus may be used to determine 
carbon in metals in the range 0.1 to 100 micrograms. The precision is 
+ 6 per cent over most of the range. Sulfur in large excess interferes 
but carbon may still be determined by & modified procedure in which the 
vapor pressure is measured repeatedly as the temperature is slowly in- 
creased. The time required for a single determination is about two hours. 

Method B. The apparatus consists of an oxygen supply section, a 
high vacuum section and a gas analysis section, each of which can be 
isolated by mercury cutoffs. The oxygen supply section consists of a 
bulb containing mercuric oxide that can be heated to 5009C., & condenser 
for removing mercury, & Toepler pump which delivers the oxygen to a 
storage bulb, and a gas measuring pipette of 15 ml. capacity. The high 
vacuum section consists of the combustion tube of quartz containing a 
platinum crucible supported by a platinum wire, the loading device or 
"tree" and diffusion pumps for evacuating the apparatus. Gas is pumped 


from the high vacuum section to the analysis section by & diffusion pump 
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and a Toepler pump in series. The gas analysis section consists of a 
tube containing copper at 700°C. to remove excess oxygen, a magnesium 
perchlorate tube to remove water, a manganese dioxide tube at 225°C. 
to remove SO> and convert any CO to CO2, and finally, a soda lime tube 
to absorb CO». 

Procedure: With the analysis system and the high vacuum system 
evacuated, the sample is dumped into the cold crucible from the loading 
tree. Five ml. more oxygen than that required to burn the sample is 
measured in the gas pipette and admitted to the high vacuum section. 
The sample is burned for two minutes at 800%. and the crucible tempera- 
ture then raised to 1200°C. for 15 minutes. The gas is then pumped 
into the analysis system. A blank is run on 5 to 10 ml. of oxygen in 
the same manner as described above, except that a sample is not burned. 
Repeated analysis of the gas collected has proved it to be nearly 100 
per cent CO, so that for routine analysis it is unnecessary to analyze 
the gas. For metal containing appreciable amounts of nitrogen and 
sulfur, analysis is necessary. If gas analysis is not required, eight 
samples may be analyzed in twenty hours. The blank approximates 0.25 
microgram of carbon and is relatively constant. 

Both methods have given somewhat variable results when very small 
samples are analyzed. This is believed to be due to inhomogeneity of 
the bulk of the sample. 


Determination of Oxygen.—- Oxygen may be determined in most metals 


by vacuum fusion, using high frequency induction heating, in a graphite 


crucible. During this process any oxygen in the sample, either in the 
form of slag inclusion or metallic oxides, is comverted into carbon 
monoxide with possibly a little carbon dioxide. Hydrogen and nitrogen 
are also evolved, the latter usually in small quantity. Both fractional 
condensation and chemical absorption techniques have been employed in 
the final determination of the composition of the evolved gases, in 
apparatus similar to those described in the Determination of Carbon. 
Some trouble has been encountered in the analysis of good oxygen getters 
which tend to vaporize and condense in cooler portions of the combustion 
tube. These difficulties may be overcome by designing the apparatus to 
permit very rapid pumping and by frequently cleaning the combustion chamb- 
er. The use of a bath of molten platinum, palladium or iron to furnish 
carbon and to lower the vapor pressure of volatile metals may also be 
advantageous. 

The analysis of materials containing easily decomposable oxides, 
carbonates, hydroxides, hydrates or organic compounds may offer diffi- 
culty if the gases are evolved at such a rapid rate that reaction of 
the oxygen containing gases with carbon to form CO is incomplete. The 
accuracy of the apparatus has been verified by analyzing copper oxide. 

Procedure: The apparatus is evacuated to & pressure less than 
107? mm. and the sample is dumped into the crucible at 1800? to 1850°c. 
Approximately lO minutes are required for complete fusion. The evolved 
gases are continuously pumped into the analysis system until the rate 


of collection reaches that of the previously determined blank. The 
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analysis section is then isolated from the vacuum fusion portion of 
the apparatus. If it has been previously shown that for a given 
material the evolved gases are substantially pure CO, or that the 
oxygen containing gases are a definite fraction of the total evolved 
gases, a measurement of the total quantity of gas completes the 
analysis. In the case of uranium, oxygen (calculated as 05) has 
been shown to comprise 45 per cent of the total gas volume within 
less than 5 per cent. Otherwise, the gases must be analyzed. 

In the fractional condensation method, CO, is first removed by 
pumping the gases through a liquid nitrogen trap, storing the non- 
condensible gases, evaporating the CO, into a known volume and meas- 
uring the pressure by means of a McLeod gauge. The previously stored 
gas, together with the CO», is then circulated over copper oxide at 
350°C. where CO is oxidized to CO» and Ho to water. Water is removed 
in a trap at 135°C. and the CO» again collected and measured as before. 
Oxidation of CO to CO, requires about 20 minutes circulation. The 
oxygen is then calculated from the two pressure measurements, assuming 
Boyle!s law to be obeyed. The precision of the method is about 6 per 
cent in the range 0.5 to 150 micrograms of oxygen. The precision is 
limited by the magnitude of the blank which may be reduced to 0.1 micro- 
gram of oxygen. 

In the chemical absorption technique, solid reagents are used to 
remove the various gaseous constituents, the volume of gas being meas- 


ured in a micro pipette after each absorption. The reagents used are 
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as in the carbon method, magnesium perchlorate for water, soda lime for 
CO», copper at 350°C. for oxygen, MnO, at 225°C. in series with magnes- 
ium perchlorate for H>, and Mn0, at 225°C. in series with soda lime for 
CO. 

Before performing an analysis by either method, the crucible must 
be thoroughly outgassed. This is accomplished more rapidly the higher 
the temperature (up to temperatures at which carbon begins to evaporate 
appreciably). With careful thermal shielding of the crucible, tempera- 
tures up to 2350 C. have been obtained with & 5 KW oscillator. Without 
thermal shielding, & more powerful oscillator is necessary. Detailed 
descriptions of the apparatus and procedures are to be found in the 


Project publications. 


Chemical Methods of Analysis 


Boron the Curcumin Method.-- In this method the boron in a 
sample is separated as trimethyl borate by distillation from & mixture 
of methyl alcohol and concentrated phosphoric acid. The distilled 
methyl borate is hydrolyzed in alkaline solution to form borate ion. 

H4B04 + 3 CH30H = (CH30) 3 B(g) + 3 Ho0 

(CH30)3 B + 2 H20 + OH = H2BOz” + 3 CH,OH 
After evaporating to dryness and adding hydrochloric acid to the resi- 
due, a curcumin-oxalic acid solution is added. During evaporation to 
dryness the curcumin is converted to a red dye in amounts proportional 


to the amount of boron present. The residue is treated with 95 per cent 
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ethanol and the concentration of the red compound in the decanted ethanol 
solution is measured in a Beckman spectrophotometer at a wave length of 
540 millimicrons, using distilled water as a reference, 

The exact role of boron in the conversion of curcumin to the red 
substance is not known. The indications are that boron is not a con- 
stituent of the final product; possibly boron forms a chelate complex 
with curcumin which subsequently undergoes a rearrangement and splits 
away from the boron immediately upon drying. Experiments show that in 
acidic solution the colored compound formed in the boron-curcunin react- 
ion has the same spectral absorption curve as rosocyanine whose struct- 
ural formula is not known. 

The spectral transmittance curves of both the yellow curcumin and 
the rose colored product obtained with an excess of boron have been 
determined using slit widths of 0.02 to 0.04 mm. These show that 
quantitative measurements of the rose colored constituent can be made 
at a wave length of 540 millimicrons without interference from the un- 
developed curcumin. 

The procedure had not been completely developed at the time the 
program was terminated. However, from 5 to 50 millimicrograms of boron 
could be determined with an accuracy of + 2 millimicrograms without the 
distillation. Thus far, recoveries of boron in the distillation have 
amounted to only 72 + 13 per cent. 

When boron is separated by distillation, no substances interfere 


with the analysis; however, acidic constituents in amounts exceeding 
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those necessary to neutralize the KOH in the receiver cannot be toler- 
ated. 

Procedure: Dissolve the sample directly in a quartz (15 ml.) dis- 
tillation flask in one ml. of 75 per cent phosphoric acid which has 
previously been purified by distilling a few portions of methanol from 
it. Add 3 ml. of methanol and bubble a stream of purified nitrogen 
through the mixture. Place the flask in & brass heating block kept at 
170°C., collect the distillate in 0.2 ml. of 0.07 N KOH contained in a 
porcelain crucible. Continue the distillation for about 30 minutes and 
then evaporate the distillate to dryness on a hot plate. Add 0.05 ml. 
of 1 N HCl to the cooled residue in the crucible; next, add 0.05 ml. of 
curcumin-oxalic acid solution and evaporate to dryness on a water bath 
at 559C. 

The curcumin-oxalic reagent is prepared by dissolving 1.05 gm. 
HoCo0,°2H50 (Merck's reagent grade, twice recrystallized in quartz) and 
0.005 gm. curcumin (Eastman Kodak) in 10 ml. of 95 per cent ethanol, the 
latter having been purified by distilling from NaOH three times in a 
quartz still. The optimum amount of curcumin should be determined by 
using samples of known boron content each time & new supply of curcumin 
is obtained. After cooling to room temperature, treat the residue with 
95 per cent ethanol, transfer to a centrifuge tube and dilute to exactly 
one ml. with ethanol.  Centrifuge for three minutes, decant the solution 
into & one centimeter absorption cell and measure the transmission at 


540 millimicrons, using distilled water as & reference. 
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Chlorine by the Micro Diffusion-—Orthotolidine Method.— Chlorine 


may be liberated from a sample in which it is present as chloride and 
then be absorbed in a reagent by the Conway micro diffusion technique. 
Conway cells consist of two concentric glass cylinders sealed to a 
glass plate; the outer cylinder stands several millimeters higher than 
the inner and its top edge is ground so that & cover glass when placed 
on the cylinder, with 75 per cent H250, as a fixative, will close the 
cell tightly. The sample containing the chloride in solution is placed 
in the outer compartment of the cel! and dilute KOH solution is placed 
in the inner compartment. A solution of KMnO, in H250% is then added 
to the sample and the cell is covered. The liberated chlorine diffuses 
into the inner chamber where it is absorbed in the KOH solution: 

10 Cl” + 2 MnO,” + 16 HY = 5 Clg + 2 Mnif +8 MO 

Cl, * 20H = 0C1 + Cl + H0 
After all the chlorine has diffused to the inner compartments, its con- 
tents are mixed with a solution of orthotolidine in dilute HCl. A yellow 
coloration results from the oxidation of the orthotolidine, and the in- 
tensity of the color may be determined spectrophotometrically at a wave 
length of 440 millimicrons where the optical density is a maximum. It 


seems probable that the color is developed by the reaction: 


ba uL + Or 


m = Ç 2- € 2 = WNEg+ CI" + Eo 
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The method is applicable for the determination of 0.1 to 2.5 
micrograms of chlorine using a final volume of one ml., but can be 
used for larger amounts by using & greater volume of orthotolidine 
reagent. Beer's law is followed in this range. In the absence of 
interfering substances an absolute precision of + 0.03 microgram can 
be attained, the average accuracy being about + lO per cent if a 
working curve is used. 

Nitrites and bromides interfere since nitrogen dioxide and bromine 
also oxidize orthotolidine. This interference may be eliminated by 
a preliminary dichromate oxidation. Iodine causes some interference 
due to its color, but it does not oxidize orthotolidine. 

Procedure: Wet the entire bottom of the outer chamber of the 
diffusion cell with 25 microliters of water and then add the sample 
containing the soluble chloride. Introduce 50 microliters of 0.1 N 
KOH into the inner chamber without wetting the upper portion of the 
wall. Barely wet the upper rim of the outer cylinder with the 75 
per cent H980, fixative; add approximately 150 microliters of acidic 
KMnO, solution (freshly prepared by mixing 4 volumes of 25 per cent 
H50, with 3 volumes of 6.5 per cent KMnO, solution) to the outer com- 
partment, and quickly close the cell with the cover glass. Gently 
rotate the cell to mix the solutions in the outer compartment and 
let the closed cell stand under a cardboard box for three hours at 


room temperature or for 50 minutes at 40%, Transfer 0.8 ml. of 
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dilute orthotolidine solution? to a small crucible, draw it into a 
fine-tipped medicine dropper and, without releasing the bulb, with- 
draw the contents of the inner chamber of the cell and transfer to 
a one ml. volumetric flask. Rinse the chamber at least twice and 
transfer the washings to the flask. Fill the flask to the mark 
with the orthotolidine solution, mix, and transfer to a cuvette. 
Immediately measure the transmission with distilled water as refer- 
ence and determine the amount of chlorine by use of a standard curve 
prepared by running known chloride samples, using the same procedure. 

If bromide is present in the sample, it is removed in a prelim- 
inary step by adding a solution containing 25 per cent H550 n and 
5 per cent KoCro0”7 to the sample in the outer cell compartment. 
After four hours at 25°C. or 50 minutes at 40°C., the inner chamber 
is washed free of bromine with 0.1 N KOH solution. Chloride in the 
sample is then determined by the procedure outlined above. 

Chlorine by the Nitrogen Carrier Method.— Briefly, this method 
consists of the liberation of chloride from a dissolved sample as HCl 
by hot concentrated H2S0,;5 the liberated HCl is carried by a stream 


of nitrogen through a suspension of PbO, in H550 n where it is oxidized 





* Prepared fresh daily by mixing 5 ml. of orthotolidine reagent and 

95 ml. of chlorine treated water. The reagent is prepared às follows: 
Dissolve 1 gm. of orthotolidine in 5 ml. of 1:4 HCl; add 150 ml. of 
water, dilute to 505 ml. with H>O, and add 495 ml. of 1:4 HCl. If 
there is no trace of yellow color, make drop-wise additions of chlorine 
water. 
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to free it and the free chlorine is carried along to a dissolver 
containing a dilute solution of orthotolidine which develops a yellow 
color due to its oxidation by the chlorine. Chlorine is then estimated 
by & spectrophotometric determination of the intensity of the yellow 
color. 

As in the preceding method, bromides and nitrides interfere and 
the micro diffusion procedure should be used if they are present in a 
sample. x 

Separation and Recovery of Very Small Amounts of Fluorine.— In 
general, methods for determining fluorine require its separation from 
most other ions. This topic is devoted to a description of a fairly 
satisfactory separation and recovery procedure, while the various 
methods which are useful for estimating fluorine will constitute the 
four topics following. 

In this method for separation and recovery, the fluorine is vola- 
tilized as HF from a 50 per cent H550, solution of the sample in a 
platinum cell kept at 125%. Hydrogen fluoride is swept from the cell 
by a stream of nitrogen end is collected in 0.03 N NaOH. Other hydro- 
halides, nitric acid and other compounds volatilized from acid solution 
are separated with the hydrogen fluoride. Possible interference from 
these substances is discussed in giving an account of the various meth- 
ods for the estimation of fluorine. 

The platinum cell or still consists of a lower portion 1.0 cm. in 
diameter and 2.3 cm. high, and neck which is 4.5 mm. in diameter and 


3.0 cm. high. A platinum delivery tube is attached to the top of the 
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lower portion alongside the neck. An inlet tube is fitted into the 
top of the neck with a stopper which was seated by rotating it in the 
neck using a fine buffing compound or vaseline; when properly seated 
no leakage will occur at the stopper under several mm. of air pressure. 
The inlet is large enough to permit the introduction of solid samples 
and reagents directly to the bottom of the cell. Pure gold solder 
was used in fabricating the cell. 

An average accuracy of + 20 per cent can be obtained in the range 
of 0.05 to 0.25 micrograms of fluorine when recovery is carried out by 
this method and fluorine is determined by the aluminum-morin fluores- 
cence quenching reaction. Only very incomplete recovery of these 
small amounts of fluorine was obtained from glass stills of design 
similar to the plantinum cell described above. Erratic results have 
also been obtained in attempts to recover fluorine as HF, using the 
micro diffusion technique. 

The separation of traces of fluorine as HF seems to have one 
important advantage over methods which separate it as SiF,; namely, 
the formation of nonvolatile compounds such as SIOF, is impossible. 

Procedure: Transfer the sample to the bottom of the platinum 
cell, avoiding contact with the lower edge of the neck. Add sufficient 
H>SO, to make the final solution 50 per cent by volume H580, and 0.6 
ml. in total volume. Transfer the cell to an electrically heated 
metal block previously adjusted to 125°c. Immerse the end of the 


outlet tube of the cell to the bottom of a 3 ml. centrifuge cone 
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containing 1 ml. of 0.03 N NaOH solution. The nitrogen which is swept 
through the cell is first passed through successive washing towers 
filled, respectively, with dilute H550, » dilute NaOH, and H30 heated to 
60°c. The rate of flow should be such that about two bubbles of nitro- 
gen per second pass through a standard micro combustion bubble counter. 
Quantitative recoveries of fluorine are obtained if the cell is swept 
with nitrogen for one-half hour. 

Fluorine by the Aluminum-Morin Method.-- It has been known since 
1867 that & green fluorescence is produced when ultraviolet light is 
passed through a solution containing aluminum ion and morin (3, 5, 7, 
21, 4! - pentahydroxyflavone). This fluorescence is quenched by 
fluorides, but it was not until 1938 that the phenomenon was applied 
to the determination of fluorine. It seems plausible to assume that 
the fluorescence is due to the fact that morin forms a chelate complex 
with the aluminum ion, possibly Al(C¡5H907)3. It has been claimed 
that the complex compound is colloidal in nature, but recent ultra- 
microscopic examination of &luminum-morin mixtures does not support 
this view; in any event, the particles are too small to exhibit a 
Tyndall effect. The quenching effect of fluorides is probably due to 
the formation of a complex such as (A1Fg)77. 

Although morin itself exhibits only a weak yellowish-brown fluor- 
escence, it forms complexes with metal ions other than aluminum which 
fluoresce strongly. Furthermore, ions other than fluoride are effect- 


ive in quenching fluorescence. All of these substances constitute 
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interferences in the determination of fluoride and emphasize the import- 
ance of a preliminary separation of fluorine by some method such as the 
one described in the preceding topic. Phosphates, arsenates, sulfates 
and perchlorates quench the aluminum-morin fluorescence; sulfate at con- 
centrations as low as 107? molar has an important effect. Nitrates and 
chlorides are reported not to interfere. | Beryllium, gallium, indium 
and the rare earths form fluorescent compounds with morin, and zirconium, 
thorium and the rare earths also interfere by forming insoluble compounds 
or stable complexes. Practically all interfering substances except 
sulfate are eliminated by the separation process; the separation process 
blank, amounting to about 0.01 to 0.02 micrograms, being due at least 
partly to the volatilization of sulfur trioxide during the distillation. 
In recent experiments it has been shown that the fluorescence of a 
solution containing aluminum ion and specially purified morin was less 
intense than that obtained when the original extract from fustic wood 
was used. Furthermore, it was observed that maclurin (2, 4, 6, 31, 
4' — pentahydroxybenzophenone), another compound extracted from fustic 
wood, also exhibited a strong fluorescence when mixed with aluminum ion. 
On the basis of a limited number of experiments, maclurin appears more 
satisfactory than morin. Still other constituents of the extract from 
fustic wood may be even more satisfactory. The same substances inter- 
fere when using maclurin; however, maclurin offers the advantage of 
being available as a pure compound and more reproducible results should 


therefore be obtained. 
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When the pure compound maclurin is used, it is possible to state 
the exact composition of the solutions which have been found most suit- 
able for use in the analysis, namely: Stock Solution - 28 mg. of mac- 
lurin dissolved in 100 ml. of 95 per cent ethanol; Pre-mixed Maclurin 
Solution — 250 ml. of 95 per cent ethanol, 50 ml. of 0.2 N acetic acid 
and 50 ml. of Stock Solution. When morin is used, the proper compo- 
sition of the pre-mixed solution must be adjusted for each new stock 
solution. The Stock Solution is prepared as follows: Fifty grams of 
fustic extract are dissolved in 200 ml. of acetone and filtered. The 
filtrate is evaporated to dryness, dissolved in 50 ml. of acetone, and 
evaporated to dryness in a vacuum desiccator. The residue is dissolved 
in one liter of 95 per cent ethanol. The Pre-mixed Morin Solution is 
prepared by adding the proper amount of Stock Solution to 2800 ml. of 
95 per cent ethanol and 500 ml. of 0.2 N acetic acid. The proper 
amount of Stock Solution is determined by running blanks to find the 
amount required to produce & maximum fluorescence. 

Procedure: (For 0.01 to 0.05 micrograms of fluorine. For higher 
ranges increase the amounts of all reagents and the final volume pro- 
portionately.) Transfer 100 microliters of alum solution, containing 
0.25 microgram of Al per ml., to a l ml. Pyrex glass-stoppered mixing 
cylinder and add the solution containing the fluoride. The volume of 
the latter should not exceed 200 microliters and should include 25 micro- 
liters of 0.01 N NaOH. Add 700 microliters of Pre-mixed Morin or 


Maclurin Solution. Dilute the mixture to exactly l ml., mix thoroughly, 


513 





allow to stand for 20 minutes at room temperature, and then measure the 
fluorescence using a Klett fluorometer. 

For use in this analysis the standard Klett fluorometer was modi- 
fied as follows. New carriers were built which allowed the cuvette to 
drop only as far as the center of the photocell. The incident beam 
entered the cuvette through a round aperture, 11 mm. in diameter. The 
light fluorescing at 90° was emitted through an aperture 6 mm. in dia- 
meter. A duplicate carrier holding a rectangular prism of fluorescent 
glass with a roughened surface was used with the reference photocell. 
The low light intensity emitted through the smaller aperture required 
the use of a sengitive galvanometer. 

Fluorine by Titration with Thorium Nitrate.-- A soluble fluoride 
may be titrated with a standard thorium nitrate solution using sodium 
alizarin sulfonate as the indicator. The yellow alizarin sulfonate 
is converted to red thorium alizarin sulfonate after all of the fluor- 
ide has reacted with thorium ions. The end point is determined by 
comparison with a solution containing 5.0 grams of Co(NO3)2*6H20 per 
liter of redistilled water which serves as & color standard. 

All ions which form complexes with thorium or fluoride ions will 
probably interfere. For this reason, the titration is usually preceded 
by the separation of fluoride from the sample as previously described. 
If fluoride has not been previously separated and recovered in alkaline 
solution, about 1.3 micro-equivalents of NaOH should be added to the 
fluoride sample. The presence of NaCl does not interfere with the 


titration. 
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In the range of 1 to 12 micrograms of fluoride the average precis- 
ion and accuracy is + 0.14 microgram, based upon a linear working curve 
obtained by plotting the averages of volumes of titrating reagent used 
for several samples of known fluoride content. Near the lower end of 
the range, the average deviations of points from the curve are somewhat 
smaller, and in the range below 1 microgram of fluoride the precision 
and accuracy is + 0.006 microgram. 

Procedure: The alkaline sample, containing not more than 12 micro- 
grams of fluoride in a volume not exceeding 150 microliters, is placed 
in a white 0.75 ml. crucible and diluted to about 200 microliters. Ten 
microliters of 0.05 per cent sodium alizarin sulfonate are added and the 
solution is carefully neutralized with 0.05 N HCl until the pink color 
disappears. Five microliters of a buffer made by half-neutralizing 
2 N CH3ClCOOH are added and the solution slowly titrated by adding 
0.01 N Th(NO,), from a 75 microliter burette. If less than 1 micro- 
gram of fluoride is being titrated, 0.005 N Th(NO5); is used. The 
titration is performed in & dark room with & yellow light source. Light 
from a shielded 100 watt bulb filtered through Corning filters No's. 
3387 and M476 is satisfactory. The end point is taken when the pink 
color in the solution matches that in 200 microliters of the Co(NO3)> 
color standard. The amount of fluoride is obtained by reference to the 
working curve prepared by analyzing known samples. 

Fluorine by Decolorization of Chelates.-- A study has been made of 
the absorption spectra of zirconium salts of alizarin and alizarin de- 


rivatives and of the decomposition of these chelate complexes by fluoride 





ion. The chelates of ferric and aluminum ions have received prelimin- 
ary study. The results seem to indicate tnat fluoride could be deter- 
mined in microgram quantities by methods based on these studies, but it 
would be difficult to estimate quantities in the range from 0.001 to 
0.01 microgram. 

Fluorine by Use of the Ferrous-Ferric Couple.-- It is possible to 
analyze for fluoride in the range of l to lO micrograms in 5 ml. of 
solution by determining the effect of the sample on ihe potential of 
the ferrous-ferric couple. On the assumption that the sensitivity of 
the method, in terms of weight of fluoride determined, would be inverse- 
ly proportional to the volume, an attempt was made to develop the method 
on & microscale. The cell used in the study consisted of one drop of 
ferrous-ferric solution suspended between a small gold coil electrode 
and a fine glass capillary filled with KCl solution and agar which led 
to & calomel reference electrode. The e.m.f. of the cell with different 
drops of the ferrous-ferric solution could not be reproduced more accur- 
ately than within a few millivolts, but upon addition of a solution con- 
taining fluoride ion to the drop, the change in e.m.f. could be accur- 
ately reproduced. The method appears to be applicable to the analysis 
of samples containing fluoride in the range from 0.001 to 0.01 microgram. 

Iron by the Orthophenanthroline Method.-- Iron in the ferrous state 
forms an intensely colored complex with orthophenanthroline. Small quant- 
ities of iron may be determined by measuring this color on a spectro- 


photometer. 
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Procedure: All reagents should be free of iron. The sample of 
plutonium is dissolved in a minimum quantity of constant boiling HCl. 
An aliquot containing 10 to 20 mg. of Pu is transferred to a 2 ml. 
centrifuge cone. For each 10 mg. of Pu, 0.05 ml. of constant boiling 
HCl and 0.15 ml. of saturated oxalic acid are added. The precipitate 
of plutonium oxalate is removed by centrifuging, and the supernatant 
solution transferred to & quartz crucible. The solution is evaporated 
to dryness and excess oxalic acid is sublimed off at 150%. The resi- 
due is taken up in 0.2 ml. of 10 per cent HCl, and transferred to a 
2 ml. volumetric flask. Iron is reduced by the addition of 0.2 ml. 
of 20 per cent hydroxylamine. The pH is then adjusted to 4.0 + 0.5 
with NH,OH in the presence of acetic acid-acetate buffer. Next, O.2 
ml. of 0.5 per cent orthophenanthroline is added and the sample made 
up to 2.0 ml. After 10 minutes standing to develop full color, the 
sample is transferred to the absorption cell of a spectrophotometer and 
the color measured at 515 millimicrons. Iron is determined by reading 
from a standard curve prepared from known amounts of iron treated by 
the same procedure. A reagent blank should always be run. The method 
is sensitive to 0.2 microgram of iron. 

Potassium by the Silver-Cobaltinitrite Method.-- Potassium is pre- 
cipitated as potassium disilver cobaltinitrite upon standing two hours 
at O9 to 2°C. The precipitate is separated by centrifuging and is 
dissolved in sodium hydroxide. The color is developed by the diazo-- 
tization and coupling reaction between nitrite and «-naphthylamine- 


sulfanilic acid, and compared to that obtained with a known using a 
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visual colorimeter. The equations for the precipitation and color 


development are: 


(1) Kt + 2 ag? + Co(NO2) — — n KAgoCo(NO2)6(s) 


(2) HO3S¢ > TRAR av NR BOSS -N-Cl 
| II 
N 
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Procedure: To 0.1 ml. of solution contained in a 2 ml. centrifuge 
cone is added 0.1 ml. of silver cobaltinitrite solution. The tubes are 
cooled to O9 to 2°C. for two hours. The precipitate of potassium silver 
cobaltinitrite is removed by centrifuging. The samples are placed in 
alternate cups and the other cups are filled with powdered dry ice in 
order to maintain a temperature of 0° to 2%. After removal of the super- 
natant liquid, the precipitate and walls of the tube are washed with 0.2 
ml. of cold water and the centrifuging repeated. The washing is repeated 
using 60 per cent acetone once and absolute acetone four times. After the 
final washing, the precipitate is dissolved in 0.5 ml. of 0.1 N sodium 
hydroxide by heating in & water bath for 10 minutes and transferred quanti- 
tatively to a 10 ml. volumetric flask where 2 ml. of c -naphthylamine- 


sulfanilic acid reagent are added and the solution made up to exactly lO ml. 
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Twenty minutes = allowed for the color to develop. The sample is 
compared with a 0.5 microgram standard in a colorimeter of the Dubosc 
type. 

In the range 0.1 to 2 micrograms, the precision is approximately 
0.1 microgram in the absence of interfering substances. More than 1 
microgram of chloride interferes. It can be removed by evaporation 
with H2S0, or HNO3- Ammonia, rubidium, caesium, lead, mercury and 
thallium interfere. Ammonia may be removed by evaporation with HNO, 
to dryness. No interference was observed with Li590,, MgSO, or 
Alo(S0,)3 up to one microgram. Sodium if less than 0.1 molar, and 
barium if less than 0.05 molar do not interfere. 

Phosphorus by the Molybdenum Blue Method.-- Orthophosphates in 
acid solution react with ammonium molybdate to form phosphomolybdic 
acid which is extracted into normal butyl alcohol to eliminate some 
interfering ions. Stannous chloride reduces the molybdenum to molyb- 
denum blue, whose color may be measured on a spectrophotometer. 

Procedure: Plutonium is dissolved in concentrated nitric acid 
with drop-wise addition of HCl if necessary to prevent the metal from 
becoming passive. If & black residue remains, it may be dissolved by 
evaporation to fumes with H550,. Sufficient water is then added to 
make the solution 1 N in HjS0,. An aliquot of the solution contain- 
ing 0.02 to 2.5 micrograms of phosphorus in & volume not greater than 
0.45 ml. is transferred to a 5 ml. separatory funnel. To this is added 
successively 0.25 ml. of 6.25 per cent ammonium molybdate and 0.1 ml. of 
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10 N sulfuric acid. The solution is mixed and allowed to stand for 
two minutes. One ml. of butanol-1 is added and the mixture agitated 
for two minutes. The water layer is removed and discarded. The 
alcohol phase is washed for about 30 seconds successively with two 

0.8 ml. portions of 1 N sulfuric acid. A volume of 1.5 ml. of 0.2 
Sin cent stannous chloride is added and the two phases are mixed for 
30 seconds. The aqueous layer is discarded, the alcohol transferred 
quantitatively to a 1 ml. volumetric flask and diluted to volume with 
ethyl alcohol. The solution is then transferred to a 4 ml. absorp- 
tion cell and the transmittance compared with water in a spectrophoto- 
meter at a setting of 730 millimicrons. The phosphorus is read from 
a standard curve prepared by treating known solutions of KH,PO, by the 
same procedure as is used for unknown solutions. 

A precision of 0.02 micrograms has been obtained in the range 0.05 
to 1.5 micrograms. Arsenates and germanates interfere. In the pres- 
ence of arsenates, the phosphorus results are high by an amount equiva- 
lent to between 29 and 30 per cent of the arsenic present. Silicate 
does not interfere if the pH of the aqueous phase is kept at zero or 
less. 

Silicon by the Molybdenum Blue Method.-- Silicates in dilute acid 
solution (0.3 N) react with ammonium molybdate to form silicomolybdic 
acid which is extracted into normal butyl alcohol. Stannous chloride 
reduces the molybdenum to nolybdenum blue,. whose color is measured with 


a spectrophotometer. 
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Procedure: The procedure is the same as that for phosphorus except 
that the acidity is adjusted to 0.3 normal just prior to extraction with 
butyl alcohol, and the alcohol phase is washed with 0.5 N sulfuric acid. 
Silica standards are prepared by fusing pure silica with sodium carbon- 
ate and dissolving the fusion in water. Tre transmittance is measured 
at S00 millimicrons. Phosphates, srsenates and germanates interfere. 
Presumably phosphate, if known, can be corrected for. The possibility 
of removing phosphate et high ecidity, as described in the phosphate 
procedure, followed by adjustment of acidity to 0.3 normal and extract- 
ion of silica, has not been tested. 

The precision of tne method is 0.02 microgram in the range 0.02 to 
2.5 micrograms of silicon. 

Sulfur by the Methylene Blue Method.-- Sulfur is liberated as H58 
from acid soluble metals or their sulfides by HCl and is swept from the 
sample by a stream of nitrogen. Tne hydrogen sulfide is absorbed in a 
Zinc acetate solution. Tne acidified sulfide reacts with p-aminodi- 
methylaniline in the presence of an oxidizing agent such as ferric 
chloride to produce methylene blue, which can be determined spectro- 


photometrically. The over-all reaction is: 


W 


⁄ O £ oxidation with 3 S N^ 3 


| ferric chloride | Sou 
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Neither the distillation nor the reaction is quantitative but satis- 
factory results can be obtained by carefully controlling the conditions. 
The concentrations of zinc acetate and ferric chloride influence the 
results considerably. Time and temperature have a somewhat smaller 
effect. 

Procedure: The sample is placed in a small flask fitted with a 
nitrogen inlet tube, a dropping funnel for admitting acid and a deliv- 
ery tube extending to the bottom of a 10 ml. cylinder containing 8 ml. 
of 0.6 per cent zinc acetate. Ten ml. of 1 N HCl are added to the 
flask which is then placed in boiling water and swept with nitrogen 
for 20 minutes. One ml. of p-aminodimethyl aniline solution and 
0.050 ml. of ferric chloride solution are added to the cylinder which 
is then immersed in a water bath maintained at 309C. for two hours. 
The optical density is then measured at 668 millimicrons. Since the 
procedure is empirical the sulfur content is obtained by using a 
standard optical-density-concentration curve. Knowns, determined in 
exactly the same manner as the unknowns, constitute the data plotted 
on the standard curve. 

The mixture of ferric chloride, p-aminodimethylaniline and hydro- 
chloric acid, called Caro-Fischer reagent, should be prepared fresh 
daily. 

By careful adherence to the details of the procedure, a precision 
of l microgram may be attained in the range 5 to 20 micrograms of sul- 


fur. Selenium is the only interfering element. 
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Sulfur by the Lead Sulfide Method.-- Sulfur, in the form of an 
inorganic, acid-soluble sulfide, can be volatilized as H.S, in an acid 
medium. In the presence of a reducing agent, such as aluminum metal, 
sulfites and thiosulfates are quantitatively converted to sulfides. 
The evolved gases are then passed over a cotton thread impregnated with 
starch and lead acetate. The amount of sulfur in the sample is esti- 
mated from the length of the lead sulfide stain obtained on the thread. 

Procedure: The apparatus is a 50 ml. Erlenmeyer flask fitted 
with a female 19/38 joint. The male part of the joint is sealed to a 
l mm. capillary tube, 1⁄0 mm. long. A small wad of cotton is placed 
in the upper part of the male joint in order to absorb spray produced 
by the dissolution of the Al and mechanically carried by the hydrogen. 
Number 8 white cotton thread is impregnated three times with a sol- 
ution containing 5 per cent starch and 2 per cent lead acetate. The 
thread is dried under tension and cut into 15 cm. lengths. An impreg- 
nated thread is introduced into the capillary, with 1 cm. projecting 
from the top for easy removal. 

The flask, containing 0.5 gm. of Al metal in the form of small 
pieces about l mm. in size, is then immersed in an ice bath and the 
sample is added. Ten ml. of 4 N HCl is added and the joint quickly 
fitted. The flask is transferred to a 30°C. thermostat for one hour. 
The length of the stain obtained is measured. The sulfide content of 
the sample is directly proportional to the length of the stain. The 


thread is calibrated by running knowns of cadmium sulfide successively 


-2295- 


diluted with solid KCl by grinding in a ball mill, A blank should be 
run on all reagents. The precision of the method is 20 per cent in 
the range 0.2 to 0.7 microgram of sulfur. Selenium is the only common 
element that interferes. 

Sulfur by the Hypochlorite-Iodometric Method. -- Sulfur is distilled 
as HS from acid solution and absorbed in an excess of calcium hypo- 
chlorite. A portion of the hypochlorite is reduced and the remainder 
is determined iodometrically. Quantitative results are obtained by 
standardizing the reagents against known quantities of sulfide. 

Procedures: The distillation procedure is carried out in an appar- 
atus similar to that used in the methylene blue method for sulfur. The 
HoS is absorbed in 1 ml. of 0.01 N calcium hypochlorite and sufficient 
water to cover the tip of the delivery tube. Two ml. of 0.1 N KI and 
two drops of concentrated sulfuric acid are then added to the hypochlor- 
ite solution and after standing two minutes the liberated iodine is 
titrated with 0.01 N sodium thiosulfate solution, using starch as 
indicator. A blank should always be run. The method may be stand- 
ardized by using the solid CdS-KCl mixture described under the lead 
sulfide method or by adding Na58 solution of known concentration to 
zinc acetate solution in the distillation flask. 


The limit of sensitivity is one microgram of sulfur. 
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CHAPTER XII 


HEALTH HAZARDS IN THE HANDLING OF PLUTONIUM 


The hazards involved in the handling of plutonium are due primarily 
to its natural radioactivity. No hazards are anticipated with respect 
to its chemical properties." In the handling of vlutonium the hazard 
is due to the emission of aloha particles which have a range of 3.68 
centimeters in air. The half-life of the material is 24,300 years. 
Since the range of alpha particles in general is very short, the hazard 
due to radiation is important only when the material is brought directly 
in contact with the vital cell structures within the body. Since plu- 
tonium has a range of 3.68 centimeters in air, it will penetrate tissue 
only to a depth of 30 to 40 microns. This is insufficient to penetrate 
deeply enough from an external rediating source to affect any of the 
vital layers of the skin or other important tissues. 

Plutonium may be deposited in the body by several modes of ingress: 

(1) By inhaletion and absorption through the lungs. 
(2) By ingestion and absorption through the gastro-intestinal tract. 
(3) By absorption through the skin. 

Of the three methods, inhalation seems to be the most important end is 


likely to permit the greatest deposition of plutonium in the body. 


* The chemical toxicity of any radioactive substance can be important 
only when the half-life of the material is very long. With a long 
half-life, the mass of material required to produce harmful amounts 
of radiation is large, and the substance may therefore be toxic chem- 
ically. 
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The absorption through the skin is probably least important although 
no good experimental study has been made of this method of introducing 
plutonium into the body. Current experimental work indicates that the 
gastro-intestinal tract permits only a small portion of the material 
to be absorbed, and ingestion may be considered of little consequence 
unless large amounts are taken in by mouth. Present experimental 
evidence indicates that less than 1 per cent of tne soluble and in- 
soluble salts of plutonium in all valence states is absorbed through 
the gastro-intestinal tract. It is not unlikely that up to 25 per 
cent of the soluble salts of plutonium deposited in the lung may be 
absorbed into the body. At the present time, experimental evidence 
indicates that deposition of plutonium occurs primarily in the bone 
and in this respect it is similar to other heavy metals including 
radium. 

Estimate of Tolerance Level and Lethal Dose.-- Since most of the 
energy produced by radioactive disintegrations of radium lies primar- 
ily in the alpha particle emission, it is proper to consider radium 
primarily an alpha emitter and to compare radium with plutonium.  Con- 
siderable information has been accumulated on the effects of radium 
therapeutically and accidentally introduced into the body. At the 
present time, data involving the distribution of plutonium as compared 
with radium, is incomplete, but on the assumption that the distribution | 
of the two elements is similar, certain deductions are possible. By 
comparing the decay rates of radium and product together with the 


energies available from their disintegration, certain useful information 
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can be made available. Since radium has a half life of 1590 years, 
and plutonium a half life of 24,300 years, it is obvious that fifteen 
times as many atoms of plutonium as of radium are required in order 
to get the same number of disintegrations per second. In addition to 
this, the energy which is made available from the disintegration of 
radium is roughly three to four times the energy which is made avail- 
able from the single alpha particle of plutonium. (This assumes 

that half the radon from radium escapes from the body and therefore 
will not be harmful.) On this basis, it may be stated that plutonium 
is approximately fifty times less effective than radium. Useful 
inferences from the comparison of radium and plutonium may therefore 
be drawn. 

(1) The tolerance level for radium has been established as 0.1 of 
a microgram deposited in the body. Under these circumstances, five 
micrograms of plutonium may be considered to be the tolerance. 

(2) The lethal dose of radium is considered to lie somewhere 
between 10 to 100 micrograms. Therefore, the lethal dose of plutonium 
may be considered to be somewhere from 500 to 5,000 micrograms deposited 
in the body; perhaps 1,000 micrograms is a practical figure. 

Since it is known that dust particles of plutonium compounds readily 
appear in the air, possible pulmonary damage which may occur due to 
deposition within the lungs of inhaled particles of plutonium should be 
surveyed. No good evidence exists as to what may be considered 


tolerance level for material deposited in the lungs, but certain 
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calculations are possible. The danger to the lungs which may occur 

is primarily of the long range variety, resulting in malignant growths 
or fibrotic changes. If we assume a tolerance of 0.1 r in the lungs, 
calculations demonstrate that approximately five micrograms may be 
deposited before tolerance dose is reached. Further calculations 
permit the establishment of a definite value for air contamination 

if it is assumed that the lungs remove one-half of the plutonium from 
the respired eir. In an eight-hour day, an individual inspires 104 
liters of air. In the course of one year, this will equal 3 x 10° 
liters of air (300 working days per year). Therefore, for the present, 
a level of (5x2) / (3x10°) micrograms per liter of air may be estab- 
lished as a safe level. This is approximately 3 x 10-6 microgrems 
per liter. It is considered that this value provides a wide margin 

of safety. Others have made similar calculations. They prefer, how- 
ever, to consider the tolerance for alpha particles as 0.01 r, rather 
than O.l r. The figures are in good accord otherwise. 

Estimation of Deposition in Body.-- Since radiation by alpha 
particles is of great concern only when the radioactive material is 
actually present in the body, it is obvious that the best criterion 
for determining the danger to personnel is to estimate the amount of 
plutonium actually deposited in the body. Since no direct method 
for ascertaining this is available, certain indirect means should be 
considered. At the present time, investigations of the amount of 


product in the excreta (urine, feces, sputa, etc.) correlated with 
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amounts remaining in the body appear most promising. Since methods 
for determining these are as yet undeveloped and complete investiga- 
tions have not been carried out, the simplest and most direct approach 
involves monitoring the various media through which product could be 
transterred into the body. As indicated above, it would be most 
important to survey respired air and determine the degree of dust con- 
tamination which is present. Contamination of working rooms (tables, 
benches, walls and floors) is important only if these surfaces con- 
tribute to contamination of the air or to contamination of the hands 
with subsequent transferral to the gastro-intestinal tract. Similar- 
ly, an estimate of the contamination of personnel (hand contamination) 
is vital only as it may be correlated with the amount of material which 
is inadvertently transferred to the gastro-intestinal tract. 

The primary importance of room surveys lies in establishing fail- 
ures in technique. Similarly, the extent of hand contamination indi- 
cates the degree of care exercised by personnel in conducting various 
laboratory operations. Based upon a number of assumptions, certain 
tolerance levels for material deposited in the lungs, as indicated above, 
have been calculated. This, in turn, vermits the establishment of tol- 
erance levels for air contamination. It is very difficult, however, to 
establish critical levels for contamination of personnel (hand contamin- 
ation), or critical levels for room contamination, until definite corre- 
lation between contamination of the body and subsequent transferral to 


the gastro-intestinal tract, and correlation between contamination of 


the room surfaces and transferral to the lungs is established. Act- 
ually, survey of room surfaces cannot supplant monitoring of air con- 
tamination. In this regard, it is important to remember that instru- 
ments for detection of plutonium should record reasonably accurately 
the extent of air contamination; whereas, with respect to surface con- 
tamination, it is not unlikely that it is necessary to demonstrate 
only in a gross way the presence or absence of plutoniun. 

Early Evidence of Radiation Damage.-- Physical and laboratory 
examinations of personnel engaged in the handling of plutonium are 
necessary control measures for estimating early radiation damage. 

Since the element is known to be deposited in the bone, disturbances 

in blood cell formation such as leukemia, thrombocytopenia and anemia 

are expected to be among the earliest changes. The acute changes are 
likely to result in leukopenia with the emphasis on lymphocytopenia. 

The chronic damage will often manifest itself in disturbances of red 
blood cell formation primarily in the form of nonresponsive aplastic 
anemia. Thrombocytopenia is also most frequently a late change. A 
general physical examination may provide clues as to the possible 

latent changes which may occur but, as indicated above, special emphasis 
must be placed on & regular review of the hematopoietic system. This 
will include regular white blood cell and differential counts, hemoglobin 
determinations, red blood counts, platelet determinations, occasional 
reticulocyte counts and other special examinations which may be indicated. 


It will be possible in this way to establish early tissue damage so that 
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corrective measures may be taken. Occasionally, small amounts of 
plutonium may be accidentally introduced into subcutaneous tissue. 

If the material cannot be eradicated easily, excision of the involved 
site may be required. 

Rules for Production Operations.-- With regard to production 
operations these general rules are important: 

(1) Operative procedures should be enclosed so that all possible 
contact will be reduced to a minimum or eliminated entirely. 

(2) Operations which cannot be satisfactorily enclosed should 
have sufficient ventilation so that contamination of the air by plu- 
tonium is reduced to a minimun. 

(3) Techniques employed by personnel should be supervised so 
that contamination is reduced to a minimum or eliminated. 

(4) All operations should be monitored sufficiently that per- 
sonnel may conduct all procedures at safe levels. Air contamination 
should not exceed 3 x 1076 micrograms per liter. 

(5) In those operations in which actual contact with the mater- 
ial is unavoidable and contamination of the air unavoidably exceeds 
the tolerance level, the operating personnel may be protected by 
proper outer garments, gloves and respirators. The most efficient 
dust mask is the air supplied mask, but other types of respirators 
using the aerosol filter devised by the Chemical Warfare Service are 


effective. 


Precautions for Laboratory Operations.— Experimental procedures, 
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evaporation of solutions containing plutonium and the handling of liquid 
solutions should be conducted under a hood with satisfactory ventilation. 
Chemical techniques should be developed so that contamination is kept at 
a minimun. 

The contamination of the laboratory can be reduced to a minimum if 
certain general precautions are observed: 

(1) Room contamination should be reduced to a minimum by a careful 
review of laboratory techniques, The floors should be smooth, with a 
minimum of crevices and grooves, and easily cleaned. The floor should 
be waxed for easy cleaning. If the contamination cannot be removed 
after several attempts, the wax may be removed and a quick drying shellac 
or varnish may be applied. The laboratory benches may be protected by 
covering with paper and working with solutions on glass plates. It 
should be remembered that glass surfaces are very easily cleaned as are 
polished metal surfaces. Transite and wood surfaces often are diffi- 
cult to clean. 

(2) Personnel contamination may be reduced to a minimum by 
equipping each individual with a laboratory gown, a cover-all, and 
head covering such as a surgical cap. The proper use of gloves is 
important. The development of careful technique is essential and 
experiments should be planned meticulously beforehand. 

(3) Instruments, glassware and respirators should be carefully 
handled and segregated when they become contaminated. Decontamination 


should be properly and promptly accomplished. Properly arranged space 
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for contaminated articles such as gloves, clothing, etc. is necessary. 

The various groups working with plutonium have evolved specific 
instructions for carrying out laboratory techniques and production 
operations. By following these instructions alpha contamination is 
reduced to a minimum and contaminated floors, laboratory benches, 
desk tops, respirators, apparatus, tools, protective clothing and 
hands of the personnel may be effectively decontaminated to a safe 
level. These procedures have proved quite satisfactory and repre- 
sent carefully developed techniques for protecting health. Some of 
these precautions may prove to be unnecessarily stringent but on the 
whole the regulations are satisfactory and effective, 

Biological Investigations to Establish Tolerances.-- In order 
to establish more securely definite tolerances which may be permitted 
in the handling of product, certain biological investigations already 
have been undertaken or planned: 

(1) Study of the distribution of plutonium after introduction 
into the body. Tnis study has been almost completed. 

(2) Investigations to correlate the amount of plutonium excreted 
with that retained in the body. 

(3) Investigation of the amounts of plutonium actually required 
to produce immediate lethal effects in snimals. Concommitant studies 
will be made on radium and other alpha emitters so that translation 
into significant information for humans may be made. 


(4) Long-term tolerance studies will be conducted to determine 
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the actual amount of material which may be tolerated by the body for 
an indefinite period. 

Summary.-- The hazards due to the handling of plutonium arise from 
its natural radioactivity. No chemical toxicity is anticipated. The 
material is essentially an alpha emitter similar to radium, but is at 
present considered only two percent as effective as radium biologically. 
Tolerance levels may be established for the amount deposited in the 
body by comparison with established tolerances for radium. The body 
will tolerate about 5 micrograms of plutonium deposited in the body with- 
out evidence of biological change for an indefinite period of time. 
Calculations of the amount of plutonium deposited in the lungs which may 
be tolerated is considered to be in the order of 5 micrograms as well. 
On this basis, the level of plutonium in air allowable for chronic ex- 
posure is estimated to be 3 x 1076 micrograms per liter. The lethal 
dose is estimated to be about 1,000 micrograms deposited in the body. 

The best practical safeguards involve precautions against contam- 
inating respired air and adequate protection against contact with the 
material. The best monitoring safeguards will include air surveys. 
Room contamination and personnel contamination are important in esti- 
mating failures in technique. The study of excreta may become an 
effective monitoring procedure in estimating the amount of plutonium 
actually being deposited within the body. 

Early radiation changes will most likely involve the blood forming 
organs, This may be detected by physical examinations which include 


regularly scheduled blood counts. 
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